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PREFACE 



Manolis Plionis 

Intitule of Astronomy & Astrophysics, National Observatory of Athens, Greece 
Instituto Nacional de Astrofisica, Optica y Electrdnica, Mexico 
mplionis@astro.noa.gr 



Cosmology, the science of dealing with the origin, nature and nowadays the 
evolution of the Universe, is as old as human civilisation. It is to the human 
nature the search for an understanding and comprehension of the mysteries of 
the Universe within which we live and flourish, unfortunately however which 
we also destroy and kill for vanity and profit. 

The recent scientific efforts have brought a revolution on our understanding of 
the Cosmos. Amazing results is the outcome of amazing experiments! The 
huge scientific, technological & financial effort that has gone into building 
the 10m class telescopes as well as many space and balloon observatories, 
essential to observe the multitude of cosmic phenomena in their manifestations 
at different wavelengths, from 7-rays to the millimetre and the radio, has given 
and is still giving its fruits of knowledge. 

Many of the recent scientific achievements in Observational and Theoretical 
Cosmology were presented in our “Multiwavelength Cosmology” conference, 
that took place in the beautiful Mykonos island of the Aegean between the 
Y-jth 20*^ of June 2003. More than 180 Cosmologists from all over 

the world gathered for a four-day intense meeting in which recent results from 
large ground based surveys (AAT/2-df, SLOAN) and space missions (WMAP, 
Chandra, XMM, ISO, HST) were presented and debated, providing a huge 
impetus to our knowledge of the Cosmos. The conference was devoted mostly 
on the constraints on Cosmological models and galaxy formation theories that 
arise from the study of the high-z Universe, of clusters of galaxies and their 
evolution, of the cosmic microwave background, the large-scale structure and 
star-formation history. 

This conference would not have been possible to realize if not for the support 
of the Instituto Nacional de Astrofisica, Optica y Electronica of Mexico, of the 
National Observatory of Athens and the Municipality of Mykonos island and 
especially of its Mayor, Mr. Christos Veronis. 
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Many thanks are due to the scientific organizing committee, especially C. 
Bennet, H. Bdhringer, C. Canizares, C. Frenk, A. Fabian, K. Gorski, J. Pee- 
bles, P. Rosati and M. Postman, the local organizing committee (T. Akylas, S. 
Basilakos, A. Georgakakis, L Georgantopoulos, O.Giannakis, S. Kitsionas, V. 
Kolokotronis), our segretaries (O. Koumentakou and E. Parigori), the repre- 
sentative of Mykonos Municipal Cultural agency (DEPAM), Ms. Annita Gi- 
anopoulou and Mr. Nondas Ntardas for his valuable Mykonos nightlife advise. 
Also I would like to thank the staff of Kluwer for their kind cooperation and 
understanding and for their efforts that resulted in the fine appearance of fhis 
volume. 

/ would like to end this brief introduction with some thoughts regarding these 
troubled times. Although it is long since the human race has risen from the sub- 
conscious, most of its actions are still dictated by instincts and greed. We have 
come a long way only to realize that we still have to go an even longer way 
towards consciousness, humanity and respect for the different. I often wonder 
if we are the same race that has had the amazing ability and imagination to 
build the devices to observe the Universe back in time, as it was just a few hun- 
dred thousands years after it was born, with the race that invades, loots and 
kills for apparently no good reason, except for a malicious drive for ever big- 
ger profits. The year 2003, when our “Multiwavelength Cosmology ” meeting 
took place, will be remembered not only for the scientific advancements of the 
human race but probably more for the “criminal” behaviour from part of the 
world’s leadership. 



A FEW WORDS OF WELCOME 



Christos Goudis 

Director, Institute of Astronomy & Astrophysics, National Observatory of Athens, Lofos Nymfon, 
Thesio 11810, Athens, Greece 



Whenever I am confronted with an international astronomical conference, sym- 
posium or assembly, I always recall scenes from the wandering scholars of the 
past and some verses of our Greek poet Kostis Palamas, relevant to the occa- 
sion: 

And the gypsies came, those who know the whereabouts of the planets and all 
the secrets of the stars, those who talk to the stars, and who by gazing at those 
foresee lives, loves, densities, deaths. 

And the gypsies came, the learned, the thoughtful, the absorbed in the expla- 
nation of the unexplained... 

It is exactly this “explanation of the unexplained” which occupies the human 
mind since culture and civilization started characterizing collectively the hu- 
man heings. 

Cosmology, being a Greek word, and I dare say, a Greek concept - since they 
were Greek Physicists, mainly from Ionia, who firstly thought of principal el- 
ements and intrinsic relations underlying and transforming the structure and 
evolution of the Cosmos- has something from the classical Greek spirit con- 
cerning the necessity of pure knowledge. 

It was Aristotle who shaped it briefly in the phrase: 

«0 avepioTTO^ lou Ei5tvai opeyeTai (puoei* 

“man is tempted to knowledge by his own nature”, although we all know, eat- 
ing from the tree of knowledge sometimes has lethal consequences. 

Indeed if we believe in Paradise we are for sure then on the descending, in 
a free fall path, decaying through the miseries and the sins of knowledge. If 
however we have lost the Paradise from our sight, we might think of ourselves 
as the mariners of space, searching for meaning in our brief lives within the 
vast and mysterious extend of the universe. 

Is the universe an enormous cosmic firework so dear in our imagination, giving 
rise to a sequential chain of multicolor fireworks, behaving in fact like a cosmic 
fractal, or is it a cage, the bars of which we cannot see. Or is it our efforts that 
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make them invisible, by deepening our understanding, broadening our horizons 
and gradually pushing further away the limits of our ignorance ? 

Cosmology has something to say about it, that’s for sure. And it is your par- 
ticular endeavour of observational cosmology that makes the whole effort real, 
indeed establishing the very foundations of reality around us, which we are 
obliged to accept and confront. 

Is however reality continuously under construction? Are the messages we are 
receiving from the universe clear enough to decipher its quintessence. Will it 
ever be possible for entities like us, insignificant manifestations of the Cosmos 
to perceive the origin and workings of our Creator ? Or even the best ideas 
we could ever generate are bound to be contradictory ? But then again, the 
Universe itself might be a Contradiction per se. I can sense it through the 
spiritual voice of that great American, that inflationary figure of Walt Whitman, 
big banging to us: 



Do I contradict myself ‘? 

Very well then, 1 contradict myself. 

(lam large. I contain multitudes.). 

At least some of these multitudes we are now able, thanks to your quest, to 
approach, understand and comprehend. 

We are grateful to you for participating in this conference and we wish you 
further successes in your multi-wavelength drive to enlighten us all. Welcome 
and thank you again. 



OPTICAL WAVELENGTHS 



DEEP REDSHIFT SURVEYS: THE VIMOS VET 
DEEP SURVEY {INVITED) 



O. Le Fevre^, G. Vettolani^, D. Maccagni^, J.R Picat^, C. Adami^, 

M. Arnaboldi^, S. Bardelli^*^, D. Bottini^, G. Busarello^, A. Cappi^, T. Contini^, 

S. Chariot^ B. Garilli^, I. Gavignaud'^, L. Guzzo®, O. Ilbert^, A. lovino®, V. Le 

Brun^, C. Marinoni^, HJ. McCracken^, G. Mathez'^, A. Mazure^, Y. Mellier®, 

B. Meneux^ P. Merluzi^, S. Paltani^, R. Pello"^, M. Radovich®, R. Scaramella®, 

M. Scodeggio^, L. Tresse^, G. Zamorani^*^, A. Zanichelli^*^, E. Zucca^° 

1 2 

Laboratoire d’Astrophysique de Marseille - France, Istituto di Radio-Astronomia - CNR, 
Bologna - Italy, ^lASF - INAF, Milano - Italy, ^Laboratoire d’Astrophysique de Toulouse, 
^Osservatorio Astronomico di Capodimonte, Naples, Italy ^ Institut d’Astrophysique de Paris, 
Paris, France, Max Planck fur Astrophysik, Garching, Germany ® Osservatorio Astronomico 
di Brera, Milan, Italy, ^ Osservatorio Astronomico di Roma, Italy, Osservatorio Astronomico 
di Bologna, Bologna, Italy 

olivier.lefevre@oamp.fr, vettoiani@ira.cnr.it,dario@ iasf.mi.cnr.it, picat@obs-mip.fr 



Abstract In this paper, the goals and methods of deep redshift surveys are reviewed and 
on-going projects are discussed. The requirements on instrumentation and ob- 
servations methods are very stringent and call for a dedicated approach. Among 
the several on-going deep surveys, we are describing the VIMOS VLT Deep 
Survey (VVDS) which our team is conducting. It aims to obtain spectra in the 
redshift range 0 < « < 5, for a complete magnitude limited sample of more 
than 150000 galaxies. This will allow to quantify the evolution of the galaxy 
and AGN population over more than 90% of the current age of the universe, as 
a function of galaxy type, luminosity, or local environment. 

Keywords: Deep Redshift Surveys, galaxy and large scale structure evolution 

1. Introduction 

Understanding how galaxies and large scale structures formed and evolved is 
one of the major goals of modern cosmology. In order to identify the rela- 
tive contributions of the various physical processes at play and the associated 
timescales, a comprehensive picture of the evolutionary properties of the con- 
stituents of the universe is needed over a large volume and a large time base. 
Samples of high redshift galaxies known today reach less than two thousand 
at redshifts 1 — 3, and statistical analysis suffer from small number statistics, 
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small explored volumes, selection biases, which prevent detailed analysis. In 
the local universe, large surveys like the 2dFGRS and the SDSS, will con- 
tain from 2.5 x 10® up to 10® galaxies to reach a high level of accuracy in 
measuring the fundamental parameters of the galaxies and AGNs populations. 
Similarly, we need to gather large numbers of galaxies at high redshifts to ac- 
curately measure the luminosity function, correlation function, star formation 
rate of various populations in environments ranging from low density to the 
dense cluster cores. 

This can be only achieved through massive observational programs assembling 
galaxies and QSO samples representative of the universe at the various look- 
back times explored. As the galaxies observed are at great distances and thus 
necessarily faint, instruments have to be conceived to combine wide field, high 
throughput, and high multiplex gain. Multi-object spectrographs are routinely 
in operation since ~15 years, and the new generation now in place on the 
6— 10m telescopes, like DEIMOS on the Keck-lOm or VIMOS on the VLT-8m, 
allows to explore large volumes of the distant universe through the observations 
of many tens of thousand of objects. 

Because of this leap forward in instrument performances, several large deep 
surveys are now in progress. We are presenting here the VIMOS VLT Deep 
Survey (VVDS). It is combining a common observing shategy to assemble 
more than 150000 redshifts in 3 large galaxy datasets observed over more than 
16deg^ in 5 equatorial fields, selected in magnifude from Iab < 22.5 fo Iab < 
25. 

2. The need for large deep redshift surveys 

The currenf fheorefical picfure of galaxy formation and evolution and of large 
scale sfrucfure growfh in fhe universe is well advanced. By confrasf, white 
exisfing observations already provide an excifing glimpse of fhe properties and 
disfribufion of fhe high redshifl objecfs (e.g. CFRS fo redshifl ~ 1, Lilly el 
al., 1995, ApJ 455, 100, Le Fevre el al., 1996, ApJ 461, 534; Lyman-break 
galaxies, Sleidel el al., 1996, ApJ, 462, L17, Sleidel el al.,1998, ApJ, 492, 428; 
evolution of Ihe slar formation rate, Lilly el al., 1996, ApJ, 460, LI, Madau 
el al., 1998, ApJ, 498, 106, Cimalli, el al., A&A, 392, 395, Daddi el al., ApJ, 
aslro-ph/0308456, Cuby, Le Fevre, el al., A&A, aslro-ph/0303646) Ihe samples 
remain loo small lo investigate Ihe relationship belween Ihe evolution observed 
and Ihe luminosily, lype or local environmenl of Ihe populations, relate Ihe 
observations made wilh differenl selection criteria, and compare lo Iheorelical 
predictions. 

The massive efforls conducted by Ihe 2dF and Sloan surveys (hllp://mso.anu. 
edu.au/2dFGRS/ and hllp://www.sdss.org/) are motivated lo map Ihe dislribu- 
lion and eslablish Ihe properties of more lhan one million galaxies up lo red- 



Deep redshift surveys: the VIMOS VLT Deep Survey 



9 



shifts ~ 0.3. Deep surveys on volumes comparable to the 2dFGRS or SDSS 
at look back times spanning a large fraction of the age of the universe are re- 
quired to give access to the critical time dimension and trace back the history 
of structure formation on scales from galaxies up to ~ 100/i“^ Mpc. This rea- 
soning forms the basis of the VIMOS-VLT Deep Survey (VVDS): probing the 
universe at increasingly higher redshifts to establish the evolutionary sequence 
of galaxies, AGNs, clusters and large scale structure, and provide a statistically 
robust dataset to challenge future models. 

3. Instrumentation and methods for deep redshift surveys 

3.1 Multi-object spectrographs 

Multi-object spectrographs (MOS) are a key element in the instrument com- 
plement of a modern observatory. Only 15 years ago, the first facility MOS 
on 4m class telescopes were delivering the first scientific results on deep red- 
shift surveys. Since then, many facilities have appeared and allow to conduct 
e.g. the large redshift surveys at redshifts up to about 4 (Le Fevre et ah, 1994, 
A&A, 282, 325, Allington-Smith et ah, 1994, Oke et al, 1995, Szeifert et ah, 
1998, Steidel et ah, 1996, ApJ, 462, 17). 

On the new generation of 8-lOm telescopes, several advanced multi-object 
spectrographs are now in operation DIEMOS on Keck-II, GMOS on Gem- 
ini, and VIMOS on the VLT, while several others are under construction (e.g. 
IMAX on Magellan). The VIMOS project has been conducted by our team 
under contract with ESO, and provides the European astronomical commu- 
nity with a highly efficient multi-object spectrograph covering the wavelength 
range 0.37 to 1 micron. VIMOS is installed on the VLT unit no. 3. It is a 4 chan- 
nel imaging spectrograph, each channel with a field of 7 x Sarcmin^. Spectral 
resolutions from R ~ 200 to 7? ~ 5000 are available. The key element for a 
multi-object spectrograph is its multiplex gain: up to 1000 spectra can be ob- 
served simultaneously with VIMOS at low spectral resolution, and about 200 
spectra at high spectral resolution. See Le Eevre et al. (1998, proc. SPIE, 
SPIE, 3355, 8) for more details on the general concept and optico-mechanical 
design. 

3.2 Preparing and conducting a deep redshift survey 

A deep redshift survey requires to handle the following steps: (1) build a 
photometric catalog with sufficient depth and astrometric accuracy to select 
the spectroscopic targets without instrumental bias, (2) define a field coverage 
strategy, (3) pre-select targets from the imaging catalog to prepare the slit-mask 
layout (4) conduct the survey observations with database follow-up of the ob- 
served objects, (5) process the raw spectra to correct for instrumental signature. 
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flux and wavelength calibrate, (6) measure redshifts and spectral features (flux, 
EW,...), (7) store the data in a query-oriented database. Each of these steps re- 
quire detailed planning, coding of specific software tools, thorough testing, and 
has to be prepared in a engineering-like environment to ensure proper quality 
control. This is the approach which has been followed in preparation for the 
VIMOS VET Deep Survey. 

4. VVDS: the VIMOS VLT Deep Survey 

4.1 Survey goals 

With the aim of studying galaxy and large scale structure evolution, the VVDS 
is assembling several redshift samples of faint galaxies: (1) a “wide” survey: 
>100000 galaxies and AGNs with measured redshifts in 16 deg^ up to a lim- 
iting magnitude Tab = 22.5, up to redshifts ~ 1.3; (2) a “deep” survey: 
>40000 galaxies and AGNs with measured redshifts in 2 deg^ brighter than 
Iab = 24, to map the early growth of large scale structures and establish the 
evolution of the star formation rate over 90% of the age of the universe; (3) 
an “ultra-deep” survey: > 1000 galaxies and AGNs brighter than Iab = 25, 
this will probe deep into the luminosity function (3.5 magnitudes below M* 
at z=l). Natural follow-ups will include a high spectral resolution survey: 
10000 galaxies selected from the “wide” and “deep” surveys for spectroscopy 
at R = 2500 — 5000 to study the evolution of the fundamental plane and spec- 
trophotometric properties and a “high-z cluster” survey with clusters selected 
in the “wide” and “deep” surveys. The observing strategy that we have devised 
allows to carry these goals in an optimized and efficient approach, starting with 
the guaranteed time allocated to this program, which will then be expanded into 
a large program. 

4.2 The VIRMOS-CFH12K deep imaging survey 

A comprehensive photometric survey has been conducted on 16 deg^ in four 
fields, 4 fields 2x2 deg^ each selected at high galactic latitude around the 
celestial equator. Each field allows to probe scales up to lOOh-^Mpc. The 
0226-04 field has been selected to coincide with the high visibility area of 
XMM, and, subsequently the NOAO deep imaging survey area and the Subaru 
deep field area have been set next to it. This field is also subject to deep VLA 
observations with a sensitivity down to 70/rJy. In each field we have obtained 
BVRI data, as well as U-band data for a fraction of the fields (Radovich et al, 
2003, in preparation) and K’ data for a smaller 900 arcmin^ area (lovino et ah, 
2003, in preparation). 

The depth is set to probe the luminosity function of galaxies to M*-i-3 at z= 1 
and to select lyman-break and QSO candidates out to redshifts z > 3 — 5. 
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Figure 1. Deep images obtained with the CFH12K camera, it reaches a depth Iab = 25.3 
at 5cr in a 3 arcsec aperture. The image is a combination of all the images and is used for 
source detection. 



Particular care has been given to set a limiting magnitude deep enough to allow 
to select magnitude limited samples for the spectroscopic survey, free of bias 
and systematics. The limiting magnitude of Iab < 25 at 5cr in a 3 arcsec 
aperture indeed represents the magnitude at which 95% of all galaxies with 
this magnitude are detected and measured. Therefore, at the limit Iab = 24 
of the deep spectroscopic survey, all galaxies including those with low surface 
brightness are expected to be detected, and no bias is expected. Details of 
this imaging survey are given in Le Fevre et al. (2003, astro-ph/0306252) and 
McCracken et al. (2003, astro-ph/0306254). 

4.3 Spectroscopic survey status 

The first observing campaign has been conducted in October and November 

2002. A total of 9444 spectra have been observed in the “wide” survey mode, 
and 11297 in the “deep” survey mode. All data are processed at this time and 
the cross-checking of the redshift measurements is in progress (figure 2). The 
first step in the data processing is to produced ID wavelength and flux cali- 
brated spectra corrected from instrumental signature, and with the sky signal 
removed. This is done with the VlPGl pipeline environment (Scodeggio et al., 

2003, in preparation), which allows to organize and process large amounts of 
data through the control of a few selection buttons in the user interface. 



12 



MULTIWAVELENGTH COSMOLOGY 




Figure 2. Example of a galaxy spectrum from the “Deep” survey, with magnitude Iab = 
23.61, and 2 = 3.2950 



4.4 Measuring redshifts 

Measuring redshifts is not completely trivial over a large redshift range. The 
basic technique calls for a cross correlation of observed spectra with a set of 
template spectra as representative as possible of the general population, com- 
bined with Principal Component Analysis (PCA) reconstruction of the spectral 
energy distribution. The KBRED tool (Scaramella et al., 2003) has been de- 
veloped within the VVDS collaboration in the spirit to automate the redshift 
measurements. In this process, we have found that it is especially critical to 
assemble a good set of template spectra to compare against, to help the redshift 
measurement to converge. While templates ranging from early type to late type 
spectra can be found in the literature over most of the rest frame domain from 
Lya to Ha, good high S/N templates with spectral resolution ~ 10 A are miss- 
ing in the range 1600 — 3000 A. We are therefore taking an iterative approach 
to build from the VVDS data templates ranging down in the rest frame UV as 
far as possible. These templates are implemented in the KBRED templates list 
to improve significantly the measurement rate, especially in the redshift range 
l.h <z< 3. 

4.5 First results 

In Eigure 3, we show the redshift distribution N(z) for the Iab < 22.5 and 
the Iab < 24 samples assembled so far in our database. The mean redshift 
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Figure 3. The redshift distribution N(z) for the VVDS Iab < 22.5 and Iab < 24 samples. 

of the Iab < 22.5 sample is < z >= 0.63, while it is < z >= 0.70 for 
the Iab < 24 sample. In the latter, a high redshift tail is present, which is 
expected to be under-populated at the time of this writing, in particular in the 
range 1.5 < z < 3: the ~ 15% spectroscopic incompletness is expected 
to contain a significant fraction of galaxies in this redshift range which have 
escaped our redshift measurement so far, waiting for the use of the better UV 
templates described in the previous section. 

We are now computing various statistical functions describing the galaxy pop- 
ulation: the luminosity function, the correlation function, the star formation 
rate, and the clusters and groups content. Of particular interest will be to com- 
pute these indicators for various types of galaxies (using the PCA classification 
of spectra), and for various galaxy environments. 

5. Conclusion 

Deep redshift surveys are now feasible over more than 90% of the current 
age of the universe. This is due to a combination of powerful instruments on 
6 — 10m class telescopes and new methods developed to process large amounts 
of spectra and conduct redshift measurements in a quasi automated fashion. 
New results are now coming out from deep surveys like the VIMOS VLT Deep 
Survey or the DEEP2 survey, and will shed new light on our understanding of 
galaxies and large scale structure evolution. 



CONSTRAINTS ON COSMOLOGY AND GALAXY 
FORMATION FROM THE NHDF * 



Rodger I. Thompson 
Steward Observatory 
University of Arizona 
Tucson, Arizona 85721, USA 
rthompson @ as.arizona.edu 



Abstract Deep optical and near infrared images of the NHDF with HST provide informa- 

tion and place constraints on models of galaxy formation and evolution. Success- 
ful theories should match these observations. The constraints go from model and 
cosmology independent observations such as the apparent magnitude function to 
heavily cosmology and model dependent constraints such as the star formation 
history. All of the constraints are limited by large scale structure due to the small 
size of the NHDF. 

Keywords: Cosmology, Galaxy Evolution, Star Formation 

1. Introduction 

The Northern Huhhle Deep Field (NHDF) is currently the only area of sky that 
has both deep optical imaging with WFPC2 (Williams et al. 1996) and deep 
near infrared imaging with NICMOS (Dickinson 2000). As such it provides 
a unique opportunity for viewing the processes of galaxy formation and evo- 
lution at high redshifts. In particular the observations provide constraints on 
theories attempting to describe these processes. The constraints span a range 
from completely model and cosmology independent constraints such as the 
apparent magnitude function to constraints on star formation histories which 
are very cosmology and model dependent. The analysis methods are docu- 
mented in Thompson, Weymann and Storrie -Lombardi 2001 and Thompson 
2003 (TWS). 
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2 . Apparent Magnitude Function 



The very high sensitivity of both WFPC2 and NICMOS provides accurate 
fluxes for even very faint galaxies. This extends the observed apparent mag- 
nitudes to limits beyond current ground based studies. The measured apparent 
magnitude function has the advantage of being completely free of any assump- 
tions on cosmology, galaxy evolution model or even photometric redshift. Any 
galaxy formation and evolution theory must be able to reproduce the apparent 
magnitude function. The 1.6 and 0.814 micron apparent magnitude functions 
are shown in Figure 1 . All magnitudes are in the AB system. 



F160W AND F8I4W LUMINOSITY FUNCTIONS 




ISOPHOTAL AB MAGNITUDE 




Figure 1. The 1.6 and 0.814 micron 
apparent magnitude functions in isophotal 
AB magnitudes. 



Figure 2. Comparison between the 
Kaufmann and Chariot predictions and ob- 
servations. 



The fall off of the 1.6 micron function at 28 mag. is due to incompleteness 
and is not a true feature of the function. The similarity between the 1.6 micron 
and 0.814 functions in the range of validity is striking. The main limitation on 
extending this constraint to the universe as a whole is large scale structure. 

3. Kaufmann and Chariot Test 

Kaufmann and Chariot (1998) proposed several tests to discriminate between 
hierarchical and passive luminosity evolution galaxy formation models. One 
of these tests predicts the redshift distribution of galaxies in constant apparent 
magnitude bins. In each magnitude bin the passive evolution model predicts 
a higher fraction of galaxies at high redshift than the hierarchical model. The 
predictions are for K band apparent magnitudes. The observed 1.6 micron ap- 
parent magnitudes were extended to K band magnitudes by the method given 
in Thompson (2003). The size of the difference between the two prediction 
and the width of the magnitude bins are much greater than any errors in the ex- 
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tension from H to K band magnitudes. Figure 2 shows the comparison between 
the predictions and the observations. 

The first two magnitude bins have 1 and 0 observed galaxies and are shown 
only to indicate the trend of the predictions. The third magnitude bin has sev- 
eral galaxies and the observed distribution is indistinguishable from the hier- 
archical prediction. The observations extend to much fainter magnitudes than 
the predictions but it is clear that they follow the trend of the hierarchical pre- 
dictions. Any revival of a model of pure passive luminosity evolution will 
have to account for this constraint. See, however, the contribution by Cimatti 
in this volume. This constraint depends on accurate photometric redshift de- 
termination. Given the brightness of the galaxies in the overlap bin between 
observation and prediction, this error should be small relative to the size of the 
difference between the predictions. 

4. Luminosity Function 

The deep NHDF optical and near infrared images provide an opportunity to 
probe the luminosity function at high redshift and produce a strong and impor- 
tant constraint on galaxy formation and evolution models. The combination 
of optical and near infrared measurements produce meaningful photometric 
redshifts beyond 6. The analysis techniques used in this work provide total 
luminosities by determining the extinction corrected SEDs for each galaxy. A 
comparison of the observed luminosity functions at redshifts 1 through 6 is 
shown in Figure 3. 



STAR FORMATION RATE VERSUS REDSHIFT 





Figure 3. The observed luminosity func- Figure 4. The star formation rate at red- 

tion at redshifts 1 through 6. shifts 1 through 6. 



The roll off of the luminosity function for high redshifts at low luminosities is 
just surface brightness dimming making the luminosity function incomplete at 
low luminosity. In the region of validity, however, the luminosity functions are 



18 



MULTIWAVELENGTH COSMOLOGY 



remarkably similar in shape. This is a particularly strong constraint on galaxy 
formation theories. The luminosity functions in Figure 3 have not been nor- 
malized. The low absolute value of the luminosity function at redshift 5 may 
indicate a void at that redshift. The luminosity function depends on accurate 
redshifts, extinctions and SED determination from the photomehic redshift and 
extinction analysis. It is also dependent on the cosmology which is taken as Hq 
= 75, ^matter = -3 and Oa = 0.7 in this analysis. The shape of the luminosity 
function however is independent of the cosmology. 

5. Star Formation History 

The final constraint is the star formation history. Accurate star formation histo- 
ries are extremely strong constraints on galaxy formation and evolution, how- 
ever, hanslating observations into star formation histories is subject to all of 
the uncertainties discussed above as well as the fundamental astrophysics of 
relating the measured ultra-violet flux fo a sfar formalion rale. An extensive 
descriplion of Ihe melhods is given in TWS and Thompson (2003). The nel 
resull is an approximalely conslant sfar formalion rale of a few lenlhs of a so- 
lar mass per year per Mpc^ for a redshift range of 1 lo 6 in redshift bins of 1 
centered on integer redshifts. Figure 4 shows Ihis resull. 

In figure 4 Ihe solid error bars are for all errors excepl for large scale slruc- 
lure. The larger dashed error bars are represenlalive of Ihe error in Iranslaling 
Ihe observations lo Ihe universe as a whole. Il is clear lhal more extensive 
observations are needed lo reduce Ihe error due lo large scale sttuclure. 

6. Conclusions 

Theories of galaxy formation and evolution musl confronl Ihe observational 
evidence galhered from bolh wide area and deep observations. The deep ob- 
servations in Ihis work provide consttainls al high redshifts while wide area 
observations provide consttainls lhal are less subjecl lo large scale sttuclure. 
The consttainls from Ihis work are a 1.6 micron apparenl magnilude function, 
a redshift dislribulion of galaxies in apparenl magnilude bins lhal appears lo fa- 
vor hierarchical galaxy assembly, a luminosity function lhal is independenl of 
redshift over ils range of validity, and a conslanl slar formation rate al redshifts 
form 1 lo 6. 
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THE END OF THE DARK AGES: 

PROBING THE REIONIZATION OF THE UNIVERSE 
WITH HST AND JWST 
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Abstract Limiting the number of model-dependent assumptions to a minimum, we discuss 
the detectability of the sources responsible for reionization with existing and 
planned telescopes. We conclude that if reionization sources are UV-efficient, 
minimum luminosity sources, then it may be difficult to detect them before the 
advent of the James Webb Space Telescope (JWST). The best approach before 
the launch of JWST may be either to exploit gravitational leasing by clusters of 
galaxies, or to search for strong Ly-a sources by means of narrow-band excess 
techniques or slitless grism spectroscopy. 



Keywords: cosmology: reionization; high-2; galaxies 

1. Introduction 

Motivated by recent evidence that the epoch of reionization of hydrogen may 
have ended at a redshift as low as z 6 (e.g., Becker et al. (2001); Fan et 
al. (2002)), we have considered the detectability of the sources responsible for 
this reionization. The main idea is that reionization places limits on the mean 
surface brightness of the Population of reionization sources. We have defined 
a family of models characterized by two parameters: the Fyman continuum 
escape fraction fc from the sources, and the dumpiness parameter C of the 
intergalactic medium. The minimum surface brightness model corresponds 
to a value of unity for both parameters. A maximum surface brightness is 
obtained by requiring that the reionization sources do not overproduce heavy 
elements. Our general approach is applicable to most types of reionization 
sources, but in specific numerical examples we focus on Population III stars, 
because they have very high effective temperatures and, therefore, are very 
effective producers of ionizing UV photons {e.g., Panagia et al. (2003)). Our 
mean surface brightness estimates are compared to the parameter space that 
can be probed by existing and future telescopes, in order to help planning the 

19 

M. Plionis (ed.), Multiwavelength Cosmology, 19 - 22 . 

© 2004 Kluwer Academic Publishers. Printed in the Netherlands. 



20 



MULTIWAVELENGTH COSMOLOGY 



T.= 100,000K T. = 50,000K 




Figure 1. The loci of surface density vs apparent AB magnitude for identical reionization 
sources that are either Population III (left hand panel) or Population II stars (right hand panel). 



most effective surveys. A full account of our work can be found in Stiavelli, 
Fall & Panagia (2003). 

2. Results and Discussion 

In Figure 1 we show the loci of the mean surface brightness of identical reion- 
ization sources as a function of their observable AB magnitude. The left panel 
refers to Population III sources with effective temperature of 10® K, the right 
panel to Population II reionization sources with effective temperature 5x10^ 
K. In both panels, the lower solid line represents the minimum surface bright- 
ness model, (1,1), while the upper solid line represents the global metallicity 
constraint Z < O.OIZq at z = 6. The thin dotted lines represent the (0.5, 1) 
and (0.1, 30) models. The non-shaded area is the only one accessible to reion- 
ization sources that do not overproduce metals. The L-shaped markers delimit 
the quadrants (i.e., the areas above and to the right of the markers) probed by 
the GOODS/ACS survey (Dickinson and Giavalisco (2003)), the HDF/HDFS 
NICMOS fields (Thompson et al. (1999); Williams et al. (2000)), the Ultra 
Deep Field (UDF) and by a hypothetical ultra-deep survey with JWST 
In Figure 2 we show the expected cumulative surface density distributions for 
reionization sources with a variety of luminosity functions. In each panel, the 
upper solid line represents the global metallicity constraint. The lower solid 
line represents the minimum surface brightness model, (1,1). The thin dotted 
lines give the luminosity function for the (0.5,1) and the (0.1, 30) models. The 
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Figure 2. The cumulative distribution of the surface density vs apparent AB magnitude of 
reionization sources with luminosity functions with different knees. 



L-shaped markers delimit the quadrants probed by the GOODS/ACS survey, 
the HDF and HDFS NICMOS fields, the UDF, and an ultra-deep survey with 
JWST, respectively. 

From these results it appears that if reionization is caused by UV-efficient, min- 
imum surface brightness sources, the non-ionizing continuum emission from 
reionization sources will be difficult to detect before the advent of JWST. On 
the other hand, if the sources of reionization were not extremely hot Population 
111 stars but cooler Population 11 stars or AGNs, they would be brighter by 1-2 
magnitudes and thus they would be easier to detect. 

Finally, Figure 3 presents the required surface density as a function of the Ly-a 
line flux of reionization sources. The left hand panel shows the loci of identical 
sources for two different (/c, C) models (thin dotted lines). The top solid line 
identifies the global metallicity constraint. The right hand panel illustrates two 
different luminosity functions. The solid line refer to a luminosity function 
identical to that of z = 3 Lyman break galaxies, {i.e., M* 1400 = —21.2 and 
a = 1.6, while the dashed line refers to a luminosity function with M* 1400 = 
—17.5 and a slope identical to the local Universe slope, a = 1.1. In both 
panels, the L-shaped marker identifies the quadrant probed by a narrow-band 
excess survey at z > 6 (LALA survey, Rhoads and Malhotra (2001)). The 
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Log lLy„ (erg cm'^ s‘‘) 



Figure 3. Surface density vs Ly-a line flux of reionization sources. 



oblique marker labeled Lens represents a hypothetical 100-orbit survey with 
the ACS grism on a cluster of galaxies to exploit gravitational amplification. 
The solid bar represents the density estimated from the detection at z = 6.56 
by Hu et al. (2002) while the two points with down-pointing arrows represent 
their upper limits. 

It appears that searches based on narrow-band excess techniques or slitless 
grisms would be promising and might lead to the detection of the reionization 
sources within this decade. 
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THE LENSES STRUCTURE & DYNAMICS SURVEY 



The internal structure and evolution of E/SO galaxies and 
the determination of Hq from time-delay systems 
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Abstract The Lenses Structure & Dynamics (LSD) Survey aims at studying the internal 
structure of luminous and dark matter - as well as their evolution - of field early- 
type (E/SO) galaxies to 2 ~ 1. In particular, E/SO lens galaxies are studied 
by combining gravitational lensing, photometric and kinematic data obtained 
with ground-based (VLA/Keck/VLT) and space-based telescopes (HST). Here, 
we report on preliminary results from the LSD Survey, in particular on (i) the 
constraints set on the luminous and dark-matter distributions in the inner several 
Ref! of E/SO galaxies, (ii) the evolution of their stellar component and (iii) the 
constraints set on the value of Ho from time-delay systems by combining lensing 
and kinematic data to break degeneracies in gravitational-lens models. 

Keywords: gravitational lensing — distance scale — galaxies: kinematics and dynamics — 

galaxies: fundamental parameters — galaxies: elliptical and lenticular, cD 



Introduction 

Even though massive E/SO galaxies enclose most mass (luminous and dark) in 
the Universe on galactic scales, relatively little is observationally known about 
their their dark-matter halos or the evolution of their internal structure with 
time, and only recently studies have started to shed some light on the evolution 
of their stellar population with redshift. 

The reasons for this are both observational and intrinsic to the mass modeling. 
Eirst, since many of the studies of the mass distribution of E/SO galaxies rely 
on stellar kinematics through spectroscopic observations, only with the advent 
of 8-10 m class telescopes (e.g. Keck and VET) has it becomes possible to 
study E/SO galaxies in any detail beyond the local Universe. Second, degen- 
eracies in mass models that rely only on kinematic and photometric data often 
allow for multiple solutions and place limited or no constraints on the presence 
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and distribution of dark-matter. These problems exacerbate with increasing 
redshift due to poorer observational constraints. Model degeneracies are of- 
ten due to the unknown mass of the galaxy, allowing one to freely play with 
stellar anisotropy, the mass-density slope and its normalization. For exam- 
ple, approximately constant velocity dispersion profiles can be explained with 
an isothermal, kinematically isotropic, luminous plus dark-matter distribution, 
as well as a constant stellar M/L model with a radially increasing tangential 
anisotropy. However, the latter model requires significantly less mass than the 
isothermal model within, say, several effective radii (i?eff)- 
Hence, if the total mass of an E/SO galaxy enclosed within some radius (around 
~ Res) is known, one can break the degeneracy between the stellar M/L, the 
stellar anisotropy and the radial mass distribution. Strong gravitational lensing 
by E/SO galaxies provides exactly the required information! 

The Lenses Structure & Dynamics (LSD) Survey 

The ‘clean’ LSD Survey sample consists of 1 1 relatively isolated (e.g. no mas- 
sive clusters nearby) E/SO lens galaxies spread between redshifts 2 = 0.04 and 
1.01. The galaxies have a mass range of ~ 1 . 5 orders of magnitude. Multi-color 
photometric data is available in the HST archive (mostly from the CASTLeS 
collaboration) for each system (typically V, I and H bands). In 2001-2002, 
we obtained stellar kinematic data using the Echelle Spectrograph and Imager 
(ESI) on the Keck-II telescope with typically 0.7" seeing and under photomet- 
ric conditions. Some systems have extended kinematic profiles (along major 
and sometimes minor axes), others only luminosity weighted dispersions, de- 
pending on their brightness and extent. Besides the clean sample, we also ob- 
served several other systems (also with the VET), including several disk-galaxy 
lenses and lens systems with measured time-delays. 

We continue with some of the high-lights of the LSD survey and related studies 
(e.g. the determination of Hq from lensing). 

The evolutiou of the stellar mass-to-light ratio 

Two LSD systems (MG2016-I-112 and 0047-285) have thus far been studied 
in detail (Koopmans & Treu 2002, 2003; Treu & Koopmans 2002a). Since 
we have available the (central) stellar velocity dispersion, effective radius and 
effective surface brightness (from the HST images; transformed to rest-frame 
B-band), each lens system can directly be compared with the local Eundamen- 
tal Plane (EP). The offset from the EP is an indicator of the evolution of the 
effective surface brightness, due to fading of the stellar population with time 
(i.e. “passive evolution”). Both systems are consistent with passive evolution 
of field E/SO galaxies, marginally fasler fhan fhaf of clusfer E/SO galaxies. We 
find fhaf fhe sfellar M/L defermined from fhe EP evolufion and local measure- 



The Lenses Structure & Dynamics Survey 



25 



ments, being close to the “maximum-bulge solution”, agree with those mea- 
sured only from lensing and dynamics, suggesting that no structural evolution 
has occurred in the FP below z ~ 1. 

The luminous and dark-matter mass profile 

The combination of stellar kinematics and gravitational lensing can also be 
used to place stringent constraints on the luminous plus dark-matter mass pro- 
files of E/SO galaxies to z ~ 1. The reason is that lensing determines the 
mass inside the Einstein radius to a few percent accuracy. Varying the inner 
(total) mass slope - but satisfying the stringent mass constraint - leads to a con- 
siderable change in the observed line-of-sight stellar velocity dispersion pro- 
file, as well as the luminosity weighted stellar dispersion, of the E/SO galaxy, 
only weakly dependent on details such as anisotropy, etc (see KT). Thence, a 
comparison with the observed stellar kinematics allows the determination of 
an ‘effective’ slope (7' for p oc ; i.e. the average luminous dark-matter 
power-law slope) inside the Einstein radius (typically 1-5 Res)- 
Thus far, we have found that 7' = 2.0 ± 0.1 ± 0.1 for MG20 16-1-112 (Treu 
& Koopmans 2002a) and 7 ' = I-OIq^I ± 0.1 for 0047—285 (Koopmans & 
Treu 2003; 68% C.E. and syst. error). Eor B1608-I-656-G1 and PGl 115-1-080, 
both not part of the ‘clean’ ESD sample, we find 7' = 2.03 ± 0.14 ± 0.03 
and 7' = 2.35 ± 0.1 ± 0.05, respectively (Koopmans et al. 2003; Treu & 
Koopmans 2002b). E/SO galaxies in the clean sample are both consistent with 
isothermal mass profiles (i.e. 7' = 2). Erom all four systems studied thus far, 
the average is (7') = 2.1 with an rms of 0.2; E/SO galaxies appear on-average 
isothermal to within ~ 10% inside several effective radii, eventhough some 
intrinsic scatter between systems is found, as expected. 

We note that this is a preliminary results and the analysis of the full sample is 
required to confirm/strengthen this conclusion. Even so, E/SO galaxies require 
a considerable diffuse dark-matter component inside the stellar spheroid in or- 
der to explain the observed stellar kinematics; constant stellar M/L models 
are excluded with high confidence in all cases. The luminous plus dark-matter 
appears to conspire to form an isothermal profile in its inner regions, similar 
to that observed for spiral galaxies. Einally, upper limits have been set on the 
inner dark-matter profile of E/SO as well as the (an)isotropy of the stellar com- 
ponent, but we defer a discussion until the entire sample has been analyzed. 

The value of Ho from lens time-delays 

The most severe degeneracy in lens models is that of the (unknown) slope of 
the radial mass profile of the lens mass distribution. Different power-law slopes 
(other than e.g. isothermal) can often equally well fit the same lensing-only 
constraints (e.g. Wucknitz 2002). Different slopes, however, lead to different 
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inferred values of Hq from time delays, roughly following AHq /H g = (7'— 

2); i.e. steeper (shallower) than isothermal mass profile lead to higher (lower) 
inferred values of Hq. 

Since the combination of stellar kinematics and gravitational lensing can tightly 
constrain 7' (see above; assuming the mass profile indeed follows approxi- 
mately a power-law), the usefulness of this to time-delay lenses and the de- 
termination of Ho is apparent. We have thus far looked at two systems in 
detail and find Hq = ± 3 km s“^ Mpc“^ (PGl 115-1-080) and Hq = 

75^g ± 4 km s“^ Mpc”^ (B 1608-1-656) for (Hm, Ha) = (0.3, 0.7). The errors 
are the 68% C.L. and systematic errors and include a realistic uncertainty due 
to the slope of the radial mass profile. These values should therefore be rel- 
atively unbiased. The deviation of PGl 115-1-080 from isothermal (see above) 
increases Hq by ~35% from 44 to 59 km s“^ Mpc“^, exemplifying the need 
to measure the stellar kinematics of lens galaxies for each time-delay system. 
Both values are consistent with local determinations of Hq (e.g. Freedman et al. 
2001), but inconsistent with the sample studied by e.g. Kochanek & Schechter 
(2003; and references therein). We are currently observing more systems with 
Keck and the VLT to improve the statistics of the sample and further examine 
the nature of this apparent inconsistency between lens systems. 

Conclusions 

The combination of stellar kinematic with gravitational lensing provides a 
powerful new tool to study the internal structure and evolution of E/SO galax- 
ies. Some of the preliminary results from the LSD Survey indicate that E/SO 
lens galaxies to z ~ 1 evolve passively and have nearly-isothermal luminous 
plus dark matter mass profiles inside several Reg. Application of this to lens 
systems with time-delays gives more accurate values of Hq, so far in agree- 
ment with local determinations. The study of more lens systems is required to 
confirm/strengthen these conclusion, but results so far have been encouraging. 
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Abstract We present different methods used to identify high redshift (z > 5) objects in 
the high-magnification regions of lensing galaxy clusters, taking advantage of 
very well constrained lensing models. The research procedures are explained 
and discussed. The detection of emission lines in the optical/NIR spectra, such 
as Lyman-alpha, allows us to determine the redshift of these sources. Thanks to 
the lensing magnification, it is possible to identify and to study more distant or 
intrinsically fainter objects with respect to standard field surveys. 

Keywords: galaxies: formation, evolution, high-redshift, luminosity function, 

clusters : lensing — cosmology: observations 



1. Introduction 

The main purpose of looking at high redshift {z > 5) objects is to get con- 
straints about the nature and the formation epoch of the first sources in the 
Universe. The advent of 8-10 m class telescopes, such as VLT and Keck, has 
opened up this field of study. Moreover, the use of clusters of galaxies as grav- 
itational telescopes can help a lot for this. Strong lensing effect in clusters has 
already enabled the detection of one of the most distant galaxies known up to 
now (Hu et al. 2002), thanks to the gravitational magnification and despite the 
decrease in effective area of the survey. 

We present here two methods aimed at the detection of lyman-alpha sources 
behind galaxy clusters : first a spectroscopic search along the critical lines of 
clusters, and then a photometric selection technique for very low metallicity 
starbursts (the so-called Population III objects, Loeb & Barkana 2001), using 
ultra-deep near infrared imaging. 
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2. Critical lines survey 

Using the LRIS spectrograph at Keck, we searched for Lya emitters at redshift 
2.5 to 6.8 in the most magnified parts of a sample of leasing clusters, selected 
for having well-constrained mass models. We scanned the regions located near 
the critical lines (Figure 1), defined as fhe lines of infinile magnificalion for a 
given redshifl, using a 175"-long slif. Half of fhe area covered (4.2 arcmin^) is 
af leasf magnified by a factor of 10 af z = 5. 

We sysfemafically looked for every single emission line in fhe specfra, and we 
confirmed Lya candidafes using HST images available for fhese clusfers, op- 
fical phofomefry, and further specfroscopy af higher resolufion, using ESI af 
Keck fhaf can easily resolve fhe [Oil] doublel, fhus preventing fhis contami- 
nafion. We identified 12 Lya candidates, fhree of fhem lying in fhe redshifl 
range ~ 4.6 — 5.6. One is a double image af z ~ 5.6 which was analysed 
wifh more defails by Ellis el. al (2001). The Iwo-dimensional LRIS specfra, 
showing Lya emission lines, are presented in figure 1. 

Thanks to fhe slrong tensing magnificalion, fhese resulls can give us conslrainls 
on fhe luminosity function of emitters at 4.6 < z < 5.6 with Lya luminosity 
lO'^^ < L < 10^^ erg / s, which is a depth that was not reached by other surveys 
of Lya emitters or Lyman Break Galaxies. This will be presented in Santos et 
al. (2003, ApJ submitted). 
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Figure 1. On the left: zoom on the center part of the galaxy cluster Abell 2218. The critical 
lines for z=5 are shown as dashed lines, and the two regions scanned by the survey as rectangles. 
On the right: composite spectra of the three Lya emitters (circled) found at z ~ 5 — 6. 
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3. Looking for Population III objects 

Recent models by D. Schaerer (2002, 2003) for the Spectral Energy Distribu- 
tions (SED) of Population III objects show that they may be currently observ- 
able using 8 - 10 m telescopes, at the limits of conventional spectroscopy. The 
identification of such objects should be possible thanks to their very strong 
emission lines, mainly Lya and Hell A1640. In order to find fhese objecfs, fhe 
colors predicfed by fhe same models can allow us fo define a color-color region 
in fhe near-infrared diagram (J-H) vs (H-K’), where we can pick up candidates 
(Eig. 2). By doing simulafions wifh existing models, we found fhaf we should 
nol be confaminafed by sfars or 2 ; < 8 galaxies, even in fhe case of imporfanf 
reddening. 

As a firsl fesf of fhese selecfion criteria, we did very deep imaging (limiting 
magnifudes of J=25, H=24.5, K’=24, Vega system), wifh ISAAC on VET, of 
fwo tensing clusfers, faking advanfage of fhe tensing magnificafion fo help us 
detecting fhese fainf objecfs. 

4. Preliminary results 

We selecfed several (~ 10) candidafes per clusfer, salisfying our selection cri- 
teria in fhe near-IR, and being undetected on available optical images. These 
objecfs have fhe expecfed magnifudes and SEDs of 8 < z < 10 Population 
III objecfs (Eigure 2), and are magnified by 2 fo 4 magnifudes thanks to the 
strong tensing effect. We used a modified version of fhe phofomefric soffware 
hyperz (Bolzonella ef al. 2000) fo find fhe redshiff disfribufion probabilify of 
our candidafes wifh fhe specfra models quofed above. 



Poplll candidates 





Figure 2. Left: location, on the NIR color-color diagram (J-H) vs (H-K’), of the candidates 
found with the typical photometric errors (Vega system). The selection region for Population 
III objects is delimited by a solid line. Right : example of SED, combining infrared and optical 
photometry, for one of the candidates. Photometric redshift gives z ~ 9. 

As a preliminary resulf, we can fry fo compare (he number of Populafion III 
objecfs per redshiff fhaf was expecfed fo be defected in our field wifh fhe upper 
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limit corresponding to our candidates, using a simple model of dark-matter 
halos distribution (Press & Schechter, 1974), and 4 different models of IMF 
for PopIII galaxies (Figure 3). Furthermore, we can estimate the efficiency 
of using strong lensing in this field by plotting the expected number counts in 
a blank field of same size and depfh. We find fhaf lensing is more efficienl af 
high redshifls {z > 8), and fhaf fhe number of candidafes we found is consisfenf 
wifh some of fhe models we used. 

5. Conclusions 

The use of gravifafional lensing is efficienl lo deled more dislanl or inlrinsi- 
cally fainler galaxies lying behind galaxy clusters : we can have conslrainfs on 
luminosily functions al fainter scales, and fhe expecled number of primordial 
objecls in a cluster field is boosted al high redshifls. 

Even if fhe candidafes we found wifh our seleclion criteria are very fainl, we 
should fry lo perform specfroscopy of fhe besl ones wifh presenl day facililies. 
The deleclion of Ihese sources is one of fhe major science cases for fhe nexl 
generalion NIR inslrumenls, like EMIR/GTC, KMOS/VLT or KIRMOS/Keck. 



LM.F, models used; 

■ Salpeter 50 - SOO U^(coh«rent model) 

■ Salpeter SO ■ 500 

■ Salpeter 1-50OM^ 

■ Salpeter 




redshfft 



Figure 3. Number counts of PopIII objects per interval of 0. 1 in z, expected to have K’<24 in 
the ISAAC fov. The different curves correspond to different IMF models. The values obtained 
with gravitational lensing (solid curves) are boosted by a factor of 10 at 2 ~ 8 — 10 regarding 
the one expected for a blank field (dashed curves). Overplotted is the upper limit of our survey. 
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Abstract With around 23000 QSOs, the recently completed 2dF QSO Redshift Survey 
(2QZ) is currently the largest individual QSO survey. Here we present a mea- 
surement of the QSO power spectrum, and investigate new constraints on Q. and 
A from redshift-space distortions in the power spectrum, and weak lensing of 
2QZ QSOs by foreground galaxy groups. 



1. Introduction 

We have used the AAT 2dF facility to make a redshift survey of some 23000 
6j < 20.85 QSOs with redshifts 0.3 < z < 2.5, probing a volume of ~ 4 x 
10® Mpc®. Here we utilise the huge volume probed by the 2dF QSO Redshift 
Survey (2QZ) to determine the form of QSO clustering out to scales of ~ 
500/i“^ Mpc and derive new cosmological constraints. Further details about 
the survey, including the catalogue and QSO spectra, can be obtained at 
http : //www . 2df quasar . org. 

2. The QSO Power Spectrum 

QSOs are highly effective probes of the large-scale structure of the Universe 
over a wide range of scales and can trace clustering evolution from the present 
day out to high redshift. In the linear regime (10 < r < 1000h“^Mpc), they 
are clearly superior to galaxies as probes of large scale structure by virtue of 
both the large volumes they sample and their flat n{z) distribution. Thus a 
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Figure 1. On the left we show the QSO power spectra derived assuming a standard A cos- 
mology, compared with the 2dFGRS galaxy (Percival et al 2001), and AGO cluster (Miller & 
Batuski 2001) power spectra. On the right we show filled contours of decreasing likelihood 
in the Vlmh - Of,/Om plane, marginalizing over h and the power spectrum amplitude, for fits 
to the 2QZ power spectra. Countours are plotted for a one-parameter confidence of 68%, and 
two-parameter confidence of 68%, 95% and 99%. + marks the best fit models to the 2QZ data 
(Oj/Om = 0.18, Qmh = 0.19). For comparison, x marks the best fit model = 0.15, 

flmh = 0.2) determined from the 2dFGRS data. 



measurement of the QSO power spectrum on these scales provides a powerful 
constraint on cosmological models. 

In Fig. la we show the power spectrum derived from the final 2dF QSO Red- 
shift Survey catalogue containing 23000 QSOs (Outram et al. 2003). Utilising 
the huge volume probed by the QSOs, we have accurately measured the power 
over the range —2 < \og{k/h Mpc“^) < —0.7, thus covering over a decade in 
scale, and reaching scales of ~ 500/i“^Mpc. We consider either an Einstein- 
de Sitter (Om=l-0, Oa=0.0) cosmology (EdS hereafter) or an Om=0.3, Oa=0.7 
cosmology (A hereafter) to convert from the observed redshift to comoving 
distance. The QSO power spectrum can be well described by a model with 
shape parameter F = 0.13 ±0.04 (assuming a A r{z) \ if an EdS r{z) is instead 
assumed, a slightly higher value of F = 0.17 ^q q 4 is obtained). These low 
measurements of F indicate significant large-scale power and assuming either 
cosmology we can strongly rule out a turnover in the power spectrum at scales 
below ~300/i“^Mpc (log/c ~ —1.7). The amplitude of clustering of the QSOs 
at z ~ 1 .4 is similar to that of present day galaxies (Percival et al 2001), and an 
order of magnitude lower than present day clusters (Miller & Batuski 2001). 
To derive constraints on the matter and baryonic contents of the Universe, we fit 
CDM model power spectra (assuming scale-invariant initial fluctuations). As- 
suming a A r{z), we find fhaf models wifh baryon oscillafions are slighfly pref- 
ered, wifh fhe baryon fraction Vlb/Vtm = 0.18 ± 0.10. The overall shape of fhe 
power specfrum provides a sfrong consfrainf on Ylmh (where h is fhe Hubble 
parameter), wifh Ylmh = 0.19±0.05, consisfenf wifh a sfandard ACDM model. 
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Figure 2. On the left we show P®(fc||,kx) determined from the 2QZ Catalogue. Filled 
contours of constant log{P{k)/h~^Mpc^) are shown as a function of fc||//iMpc~^ and 
kx//iMpc“^, appearing elongated along the line of sight. Overlaid is the best fit model with 
P = 0.45 and Om = 0.29. On the right we show filled contours of decreasing likelihood in 
the Om - P plane for fits to , kx). Contours are plotted for values corresponding to 

a one-parameter confidence of 68 per cent, and two-parameter confidence of 68, 95 and 99 per 
cent (dashed contours), calibrated using Monte Carlo simulations. Overlaid are the best-fit (dot- 
dash) and 1-a (dot) values of P determined through consideration of mass clustering evolution. 
Significance contours given by joint consideration of the two constraints are also plotted for a 
one-parameter confidence of 68 per cent, and two-parameter confidence of 68, 95 and 99 per 
cent (solid contours). 



Assuming instead an EdS r(z), we find a degeneracy between the two param- 
eters. The best fit model has = 0.16 ± 0.09 and idmh = 0.23 ± 0.04, 

however a second solution with = 0.42 and = 0.69 cannot be 

rejected at 95 per cent confidence from this analysis alone. However, with 
rim = 1, the first solution would require a very low value of h ~ 0.2, whilst 
second solution requires a very high value of ~ 0.4. Neither of these solu- 
tions is therefore compatible with other observations. 

2.1 Redshift-space distortions in the Power Spectrum 

Alcock & Paczynski (1979) suggested that A might be measured from distor- 
tions in the shape of large-scale structure. Geometrical distortions occur if the 
wrong cosmology is assumed, due to the different dependence on cosmology 
of the redshift-distance relation along and across the line of sight. By making 
the simple assumption that clustering in real-space is on average spherically 
symmetric, we can attempt to detect these geometrical distortions by measur- 
ing the shape of clustering of 2QZ QSOs parallel and perpendicular to the 
observer’s line of sight, through the power spectrum, kj^) (Outram et 

al. 2003b), shown in Fig. 2. 
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Unfortunately redshift-space distortions are also caused by peculiar velocities. 
On the large, linear scales probed by the power spectrum coherent peculiar ve- 
locities due to infall into overdense regions are the main cause of anisotropy. 
According to gravitational instability theory these distortions depend only on 
the parameter j3 ^ /h. The effects of infall and geometry on the clustering 

distribution are very similar, and this approach alone could therefore only pro- 
vide a degenerate constraint on A and (5. This degeneracy can be broken, how- 
ever, by jointly considering a second constraint based on evolution of the am- 
plitude of mass clustering. Assuming a flat {Vim + = 1) cosmology and a A 

r(z), we find best fit values of Vim = 0.29^QQg and (3q{z ~ 1.4) = 0.45lg 
Assuming instead an EdS r{z) we find that the best fit model obtained, with 
Vim = 0.36^g'}® and Pq{z ~ 1.4) = O.dOj'^ggg, is consistent with the A r{z) 
results, and inconsistent with a Ua = 0 flat cosmology at over 95 per cent 
confidence. 

3. Weak Leasing 

There is a 3a anti-correlation between 2QZ QSOs and galaxy groups (Myers 
et al. 2003). If attributed to gravitational lensing by foreground structure, 
simple models suggest that more mass is present in these groups than can be 
accounted for in a Universe with Vim = 0.3. An alternative explanation is dust 
in the galaxy groups obscuring background QSOs. The colours of 2QZ QSOs 
near to galaxy groups do not change relative to the field, however, meaning 
such dust would have to be significantly ’greyer’ than even a Calzetti law. 

4. Conclusions 

The 2dF QSO Redshift Survey has obtained redshifts for 23,000 Bj < 20.85 
z < 2.5 QSOs. Using the 2QZ, we are measuring large scale structure on unri- 
valed scales. Results from the QSO power spectrum, including redshift-space 
distortions in the power spectrum, appear consistent with ACDM, however 
lensing results suggest a higher value for Vim- 
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Abstract We present the results of detailed studies of the astrophysical conditions in 2 ~ 3 

Lyman Break Galaxies (LBGs), placing particular emphasis on what is learned 
from LBG rest frame UV spectra. By drawing from our database of ~ 1000 
spectra, and constructing higher S/N composite spectra from galaxies grouped 
according to various parameters, we can show how the rest-frame UV spec- 
troscopic properties systematically depend on other galaxy properties. Such 
information is crucial to understanding the detailed nature of LBGs, and their 
impact on the surrounding IGM. We then turn to a new survey of UV-selected 
star-forming galaxies at 2 ~ 1.5 — 2.5, in the so-called “redshift desert.” Ad- 
justing the 2 ~ 3 LBG color criteria to find similar types of galaxies at 2 ~ 2, 
and using a UV-optimized spectroscopic set-up, we have assembled nearly 700 
galaxies spectroscopically confirmed to lie in this virtually unexplored, yet crit- 
ical, period in the history of the universe. Ongoing and future work will probe 
the detailed astrophysical conditions in 2 ~ 2 galaxies. 

Keywords: galaxies: evolution — galaxies: formation — galaxies: starhurst 

1. Introduction 

Until now, the rest-frame UV spectra of Lyman Break Galaxies (LBGs) have 
been used primarily to measure redshifts (Steidel et al. 1996). Given the faint 
nature of LBGs (most have TZab = 24 — 25.5), the desire to observe a large 
sample results in individual spectra with low signal-to-noise ratios and spectral 
resolution. In most cases, the low signal-to-noise of LBG spectra precludes any 
analysis more detailed than the determination of redshifts. 

One notable exception is the galaxy MS1512-cB58, an L* LBG at z = 2.73 
with an apparent magnitude of U = 20.6 due to lensing-magnification by a 
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factor of ~ 30 from a foreground cluster at 2 ; = 0.37 (Yee et al. 1996). Many 
detailed properties of cB58 have been determined from observations ranging 
in wavelength from the submillimeter to the X-ray. From high-resolution {R ~ 
5000) studies of its rest-frame UV spectrum alone, we have learned about this 
galaxy’s stellar population, initial mass function (IMF), dust-content, chemical 
abundance pattern, and large-scale outflow velocity field (Pettini et al. 2000; 
Pettini et al. 2002). For the vast majority of unlensed LBGs, it is unfortunately 
not possible to obtain individual spectra which contain the same high-quality 
information about physical conditions. Since cB58 is only one object, we need 
to worry about how “typical” its continuum and spectroscopic properties are, 
relative to the range seen in the entire sample of LBGs. 

While there is no hope of collecting data of comparable quality to the cB58 
spectra for individual unlensed LBGs, we have assembled a sample of almost 
1000 spectroscopically confirmed z ~ 3 galaxies over the past six years. By 
dividing our spectroscopic database into subsamples according to specific cri- 
teria, and creating high S/N composite spectra of each subsample, we hope to 
understand how the LBG spectroscopic properties depend in a systematic way 
on other galaxy properties. In section 2, we therefore describe our efforts to 
understand the physical conditions in the interstellar medium of LBGs using 
high S/N composite spectra. We would like to characterize the nature of both 
star-forming regions and the large-scale outflows of interstellar gas caused by 
the kinetic energy input from frequent supernova explosions. In section 3, we 
describe a new survey of UV- selected star-forming galaxies at z ~ 1.5 — 2.5. 
We have spectroscopically confirmed almost 700 galaxies in this critical red- 
shift range, and will also attempt to characterize the detailed properties of the 
sample, using deep rest-frame UV spectra, near-IR imaging, and near-IR spec- 
troscopy. 

2. Detailed Astrophysical Properties of z ~ 3 Lyman 
Break Galaxies 

Figure 1 shows a composite spectrum which is the average of our entire spec- 
troscopic sample of 811 LBGs. Rest-frame UV spectra of LBGs are domi- 
nated by the emission from O and B stars with masses higher than IOMq and 
T > 25000K. Marked in Figure 1 are spectroscopic features that trace the 
photospheres and winds of massive stars, neutral and ionized gas associated 
with large-scale outflows, and ionized gas in H II regions where star formation 
is taking place. 

By grouping the database of LBG spectra according to galaxy parameters such 
as Lya equivalent width, UV spectral slope, and interstellar kinematics, we 
isolate some of the major trends in LBG spectra which are least compromised 
by selection effects. We find that LBGs with stronger Lya emission have bluer 
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Figure 1. A composite rest-frame UV spectrum constructed from 811 individual LBG spectra. 



UV continua, weaker low-ionization interstellar absorption lines, smaller kine- 
matic offsets between Lya and the interstellar absorption lines, and lower star- 
formation rates. There is a decoupling between the dependence of low- and 
high-ionization outflow features on other spectral properties. Most of the above 
trends can be explained in terms of the properties of the large-scale outflows 
seen in LBGs. According to this scenario, the appearance of LBG spectra is 
determined by a combination of the covering fraction of outflowing neutral 
gas which contains dust, and the range of velocities over which this gas is 
absorbing (Shapley et al. 2003). Higher sensitivity and spectral resolution ob- 
servations are still required for a full understanding of the covering fraction and 
velocity dispersion of the outflowing neutral gas in LBGs, and its relationship 
to the escape fraction of Lyman continuum radiation in galaxies at z ~ 3. 

3. Star-forming galaxies in the “Redshift Desert” 

Figure 2a shows the region of UGIZ color-space inhabited by high-redshift 
star-forming galaxies. With the same intrinsic colors as z ~ 3 LBGs, star- 
forming z ~ 2 galaxies should inhabit the light-grey box immediately below 
the darker-grey z ~ 3 selection box along the C7 — G axis. Applying these color 
criteria to select objects detected in deep ground-based optical (UGIZ) images. 
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Figure 2. a) A plot of UGTZ color space showing the regions inhabited, respectively, by 
2 ~ 3 galaxies (dark and medium grey regions) and « ~ 2 galaxies (light grey region). The 
tracks show how star-forming galaxies at different redshifts move through color space. The 
three tracks iudicate differeut amouuts of iuterstellar extinctiou. b) The redshift histograms of 
our “BM” (( 2 ) = 1.70) aud “BX” ({ 2 ) = 2.20) samples alougside the (uormalized) 2 ~ 3 
LBG sample. 



we then follow up our z ~ 2 photometric candidates using the UV-sensitive 
Keck I/LRIS-B instrumental configuration. As shown in Figure 2b, we have 
spectroscopically confirmed almost 700 galaxies in the range 2 : = 1.4 — 2.5, 
the so-called “redshift desert.” Early rest-frame UV spectroscopic results for 
our z ~ 2 sample indicate that with integration times of 10 hours using Keck 
I/LRIS-B (combined with ancillary near-IR imaging and spectroscopic data), 
we will learn a vast amount of information about these galaxies including the 
nature of their stellar IMFs, stellar and interstellar metallicities, dynamical 
masses, stellar populations, and the nature of the large scale outflows which 
are also characferisfic of 2 ~ 2 sfar-forming galaxies. Differenlial compar- 
isons wifh fhe 2 ; ~ 3 sample will be imporfanf for sfudying fhe evolufion of 
high-redshifl sfar-forming galaxies. 
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Abstract With the large homogeneous dataset and the accurate photometric redshifts 

(Azl{z + 1) « 0.03) of the FORS Deep Field (FDF) we are able to study the 
evolution of the luminosity function in various bands from low ({z) — 0.3) to 
high redshift {{z) = 4.5). We find a strong brightening of M* and decrease of 
(j)* with redshift in the rest-frame UV. We also find an increase of the star for- 
mation rate (SFR) between 0.5 < 2 : < 1.5, whereas the SFR remains approxi- 
mately constant between 1.5 < z < 4.0. 

Keywords: galaxies: photometric redshift, luminosity function, star formation rate 

1. The FORS Deep Field in Brief 

The FORS Deep Field (Heidt et al., 2003) is a 9-band pencil beam survey ob- 
served with FORS at the VLT and SOFI at the NTT (NIR - data). It is about 8 
times larger in area and nearly as deep as the HDFN. The 50% completeness 
limits for point sources are 26.5, 27.6, 26.9, 26.9, 26.8, ~ 25.5, ~ 25.8, 24.5, 
23.5 in U, B, g, R, I, 834 nm, z, J and Ks (AB-system), respectively. The 
seeing varies from 0.5" in the I and z band to 1.0" in the U band. Further- 
more the spectroscopic follow-up comprises more than ~ 400 sources (Noll 
et al. 2003, in preparation). The following results are all based on an I band 
selected catalogue which contains about 5560 galaxies within the overlap area 
of all 9 filters. Throughout the following AB magnitudes and a flat cosmology 
{Qm = 0.3, Da = 0.7) with Hq = 70kms“^ Mpc“^ are used. 
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2 . Photometric redshift 

The 9 bands of the PDF and the large spectroscopic sample allow us to derive 
precise distances using the photometric redshift technique (Bender et ah, 2001). 
This method seeks optimal agreement between redshifted spectral templates 
and the observed photometry. The semi-empirical templates were constructed 
by fitting stellar population models of Maraston (1998) of different dust extinc- 
tion and age to the observed broad-band energy distribution of galaxies with 
spectroscopic redshift. 




Figure 1. Comparison of spectroscopic 
and photometric redshifts of 362 objects. 
Crosses represent galaxies whereas filled 
circles represent QSOs. 




Z 



Figure 2. Redshift distribution of all 
5558 objects. 



A comparison of the photometric and spectroscopic redshifts of 362 galaxies 
in our sample is shown in Figure 1 . The agreement is very good with a typical 
error of only T\zj{^z -|- 1) 0.03. Furthermore we have only 7 outliers out of 

362. 4 of these outliers are QSOs for which a determination of a photometric 
redshift is difficult because of their power-law SED. A detailed description of 
the photometric redshifts in the FDF can be found in Bender et al. (2003, in 
preparation). 

In Figure 2 the redshift distribution of the galaxies in the FDF used to derive 
the luminosity function and SFR is shown. Even at high redshift {z > 4.0) we 
have more than 150 objects. 



Evolution of the Galaxy LuminosityFunction in the FORS Deep Field (FDF) 



41 



3. Luminosity function 

We use the best fitting SED as determined by the photometric redshift code 
and the SED itself to derive the rest-frame luminosity of the galaxies. This 
procedure reduces systematic influences of measurements in a single observer 
frame waveband. The error budget of the luminosity functions include both the 
photometric redshift error as well as the statistical error. We perform Monte 
Carlo simulations including the redshift probability distribution P(z) of the best 
fitting SED of every single object to account for the photometric redshift er- 
ror. A detailed description of the evolution of the luminosity functions in 
different wavebands with redshift as derived from the EDE can be found in 
Gabasch et al. (2003, in preparation). 




Mag 



Figure 3. Luminosity functions at 
280 nm from low {{z) = 0.3) to high red- 
shift {{z) — 4.5). has been arbitrarily 
shifted by 1 dex per redshift bin for clarity. 




M* [mag] 

Figure 4. la, 2a and 3a confidence lev- 
els in Schechter parameter space for a fit 
to the luminosity function at 280 nm from 
(z) = 0.3 to (z) = 4.5 with a fixed slope 
a = -1.15. 



As an example we show the evolution of the luminosity function at 280 nm 
from {z) = 0.3 to {z) = 4.5 for a fixed slope a = —1.15 in Eigure 3 and Eig- 
ure 4. We find a strong brightening of M* and decrease of cf* from low to high 
redshift. One can see from Eigure 4 that we are able to derive M* and (ff with 
small errors, because we have about 700 galaxies in all but the last redshift bin. 
Although the variation of M* and 4>* between adjacent redshift bins is in part 
influenced by large scale structure, the overall trend in the evolution of M* and 
4>* seems robust. 
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4. Star formation rate 

From the luminosity density at 280 nm we derive the star formation rate (SFR) 
following Madau et al. (1998). The error budget of the SFR includes again the 
photometric redshift error as well as the statistical error. 
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Figure 5. Evolution of the star formation rate derived from the luminosity density at 280 nm 
corrected for incompleteness, but not for dust. 

In Figure 5 we show the evolution of the SFR assuming a Salpeter IMF. All 
points are corrected for incompleteness but, not for dust. The comparison with 
the literature (see Somerville et al. 2001 for the references) shows good agree- 
ment. Because of the large data sample of the FDF our errorbars are substan- 
tially smaller. A detailed description of the SFR in the FDF will be presented 
in Gabasch et al. (2003, in preparation). 
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Abstract We use the clustering results obtained by Madgwick et al. (2003) for a sample 
of 96,791 2dF galaxies with redshift 0.01 < a < 0.15 to study the distribution 
of late-type and early-type galaxies within dark matter haloes of different mass. 
The adopted method relies on the connection between the distribution of sources 
within haloes and their clustering properties by focusing on the issue of the halo 
occupation function i.e. the probability distribution of the number of galaxies 
brighter than some luminosity threshold hosted by a virialized halo of given 
mass. Within this framework, the distribution of galaxies within haloes is shown 
to determine galaxy-galaxy clustering on small scales, being responsible for the 
observed power-law behaviour at separations rfz, 3 Mpc. For a more extended 
analysis, we refer the reader to Magliocchetti & Porciani (2003). 

Keywords: galaxies: clustering - cosmology: theory - cosmology: observations 

1. Analysis and Results 

Our approach follows the one adopted by Scoccimarro et al. (2001); in this 
framework, the galaxy-galaxy correlation function can be written as 

^g(x - x) = e]^(x - x') + (x - x), (1) 

where the first term accounts for pairs of galaxies residing within the same 
halo, while the represents the contribution coming from galaxies in differ- 
ent haloes. The above quantities can be written as a function of the mean num- 
ber of galaxies per halo of mass m, (A^gai(m)), of the spread about this mean 
value (also dependent on the mass of the halo hosting the galaxies), {N'^gxim)), 
of the mean comoving number density of galaxies, fig = f n(m)(Nggi(m))dm 
(where n(m) is the halo mass function which gives the number density of dark 
matter haloes per unit mass and volume), of the two-point cross-correlation 
function between haloes of mass my and m 2 , ^(r, my, m 2 ) and finally of the 
(spatial) density distribution of galaxies within the haloes, pm{T)- 
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(-^gai("i)) and (A^gai(?7i)) are the first and second moment of the halo occu- 
pation function p{Ngsi\m) which gives the probability for a halo of specified 
mass m fo confain A^gai galaxies. These can be parameferized as (A^gai) = 
0, (m/mo)“% (m/mo)"^ and (A^gai) = a(m)^((A^gai))^ wifh a{m) = 0, 
log(m/mcut)/log(mo/mcut), 1 in fhedifferenl mass ranges m < mcut.nr-cut < 
m < mo and m > mo- According fo fhis approach, mcut^ nro, «i and a 2 are 
parameters fo be determined by comparison wifh observafions. 

The lasf ingredienf needed for fhe descripfion of 2-poinf galaxy clusfering is fhe 
spatial disfribufion of galaxies wifhin fheir haloes. The firsl, easiesf approach 
one can lake is fo assume lhal galaxies follow fhe dark mailer profile ( Navarro, 
Frenk & White 1997, hereafter NFW). However, since Ihis assumption is nol 
necessarily Irue, in Ihe presenl analysis we also consider spatial dislribulions of 
Ihe form Pm{r) oc (r)“^, wilh /7 = 2, 2.5, 3, where Ihe firsl value corresponds 
fo fhe singular isolhermal sphere case. All fhe above profiles have been ini- 
lially Iruncaled al fhe virial radius rvir, as one expecls galaxies fo form wifhin 
virialized regions, where fhe overdensily is greater lhan a cerlain Ihreshold. 
However, fhis mighl nol be fhe only possible choice since for inslance - as a 
consequence of halo-halo merging - galaxies mighl also be found in fhe outer 
regions of fhe newly-formed halo, al a dislance from Ihe center greater lhan 

^vir- 

In order to perform our analysis, we have considered the 4-dimensional grid: 
— 1 < ai < 2; — 1 < 02 < 2; 10® m© < rricut < 10^^; mcut < "mo < 
mcut • 10^. Combinations of Ihese four quantities have Ihen been used lo eval- 
uate Ihe mean number density of galaxies fig. Only values for fig wilhin 2a 
from Ihe observed ones (derived from Ihe luminosity functions oblained by 
Madgwick el al. 2002) were accepted and Ihe corresponding values for ai, o; 2 , 
mcut and mo have subsequenlly been plugged into equation (1) to produce - 
for a specified choice of Ihe dislribulion profile - Ihe predicted galaxy-galaxy 
correlation function to be compared wilh Ihe Madwick el al. (2003) resulls on 
lale-lype and early-lype galaxies by means of a leasl squares (x^) fit. 

The main conclusions of this work are as follows: 

1 Early-type galaxies (see Figure 1) are well described by a halo occupa- 
tion number of the form broken power-law with a\ ~ — 0.2, «2 — 1-1, 
mcut — lO^^ ^rn© and mo — lO^^'^m©, where the two quantities which 
determine the intermediate-to-high mass behaviour of (A^gai) are mea- 
sured with a good accuracy. 

2 No model can provide a reasonable fit to the correlation function of late- 
type galaxies since they all show an excess of power with respect to the 
data on scales 0.5;$ r/[Mpc]$ 2. In order to obtain an acceptable de- 
scription of the observations, one has to assume that star-forming galax- 
ies are distributed within haloes of masses comparable to those of groups 
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Figure 1. Projected correlation func- 
tion of early-type galaxies. Data-points 
represent the results from Madgwick et 
al. (2003), while the solid curve is the 
best fit to the measurements obtained for 
a halo number density of the form broken 
power-law, with ai = — 0 . 2 , 02 = 1 . 1 , 
rricut = lO^^ ®m 0 , mo = lO^^'^m© and 
for galaxies distributed within their dark 
matter haloes according to a NFW profile. 
Dashed and dotted lines respectively indi- 
cate the contribution from galaxies re- 
siding in different haloes and the ^g^ term 
originating from galaxies within the same 
halo. 




Figure 2. Projected correlation function 
of late-type galaxies. Data-points represent 
the results from Madgwick et al. (2003), 
while the solid curve is the best fit to the 
measurements obtained for a halo number 
density of the form broken power-law, with 
ai = —0.4, «2 = 0.7, mcut = lO^^mQ, 
mo = lO^^'^m© and for galaxies dis- 
tributed within their dark matter haloes ac- 
cording to a NFW profile with Tcut = 2 . 
Tvir. Dashed and dotted lines respectively 
indicate the contribution ^g^ from galax- 
ies residing in different haloes and the ^g^ 
term originating from galaxies within the 
same halo. 



and clusters up to two virial radii. This result is consistent with the phe- 
nomenon of morphological segregation whereby late-type galaxies are 
mostly found in the outer regions of groups or clusters (extending well 
beyond their virial radii), while passive objects preferentially sink into 
their centres. 

3 With the above result in mind, one finds that late-type galaxies (see Fig- 
ure 2) can be described by a halo occupation number of the form single 
power-law with 02 — 0.7, mcut — lO^^m© and mp — 10^^'^mQ, where 
the quantities which describe (A^gai) in the high-mass regime are deter- 
mined with a high degree of accuracy. 

4 Within the framework of our models, galaxies of any kind seem to fol- 
low the underlying distribution of dark matter within haloes as they 
present the same degree of spatial concentration. In fact the data indi- 
cates both early-type and late-type galaxies to be distributed within their 
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host haloes according to NFW profiles. We note however that, even 
though early-type galaxies can also be described by means of a shal- 
lower distribution of the form p{r) oc with (5 = 2, this cannot be 
accepted as a fair modeling of the data in the case of late-type galaxies 
which instead allow for somehow steeper {(3 ~ 2.5) profiles. In no case a 
/3 = 3 density run can provide an accepfable description of fhe observed 
correlation function. These conclusions depend somehow on assuming 
a specific funcfional form for fhe second momenf of fhe halo occupation 
disfribufion. However, Maglioccheffi & Porciani (2003) have shown fhaf 
fhere is nol much freedom in fhe choice of fhis funclion if one wanfs fo 
accurafely mafch fhe observafional dafa. 

An inferesfing poinf fo note is fhaf resulfs on fhe spafial disfribufion of galaxies 
wifhin haloes and on fheir halo occupafion number are independenf from each 
ofher. There is no degeneracy in fhe deferminafion of (Agai) and p{r) as fhey 
dominafe fhe behaviour of fhe fwo-poinf correlafion funclion al differenl 
scales. Differenl disfribufion profiles in facl principally determine fhe slope of 
on small enough (r^ 1 Mpc) scales which probe fhe inner regions of fhe 
haloes, while fhe halo occupafion number is mainly responsible for fhe overall 
normalization of ^g and for ils slope on large-lo-inlermediale scales. 

Our analysis shows fhaf lale-lype galaxies can be hosled in haloes wilh masses 
smaller lhan if is fhe case for early-lype objecls. This is probably due fo fhe 
facl fhaf early-lype galaxies are on average more massive (where fhe term here 
refers fo stellar mass) lhan slar-forming objecls, especially if one considers fhe 
population of irregulars, and poinls fo a relalionship belween stellar mass of 
galaxies and mass of fhe dark mailer haloes which hosl Ihem. 
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Abstract Understanding when galaxies form via star formation histories and stellar mass 
assembly rates is becoming known with some certainty, yet the connection be- 
tween high redshift and low redshift galaxy populations is not yet clear. By 
identifying and studying individual massive galaxies at high-redshifts, « > 1.5, 
we can uncover the physical effects that drove galaxy formation. Using the struc- 
tures of high-z galaxies, as imaged with the Hubble Space Telescope, we argue 
that it is now possible to directly study the progenitors of ellipticals and disks. 
We also briefly describe early results that suggest many massive galaxies are 
forming at 2 > 2 through major mergers. 



1. Introduction 

Astronomers have come a long way in the last decade towards detecting and 
studying galaxies out to redshifts z ~ 6. However, the principle goal of 
observational galaxy formation studies, understanding how high redshift and 
low redshift populations are connected, and thus how galaxies form, remains 
largely unknown. The traditional method of studying galaxy formation is to 
try and answer when galaxies formed, e.g., through star formation and stel- 
lar mass assembly histories and by detecting various galaxy populations such 
as extremely red objects, Lyman-alpha emitters, and Lyman-break galaxies. 
These galaxies, and their stellar populations, tell us when galaxies formed, but 
they do not, and empirically cannot, tell us how they formed. 

An approach to this problem is to use ancillary information about galaxies 
not available from spectroscopy or integrated photometry. One method is to 
utilize structural information from high-z galaxies, imaged with HST, to deter- 
mine when normal galaxies (hereafter defined as giant ellipticals and spirals) 
formed, as well as how. Techniques for doing this are now developed (Con- 
selice 2003) and early results demonstrate that we can identify and trace the 
physical processes responsible for the formation of galaxies at z > 1.5. In this 
article we briefly describe these approaches for understanding the formation of 
the Hubble sequence, or normal galaxies, and give some preliminary results. 
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2. Galaxies Near and Far 

Bright and massive galaxies in the nearby universe are disks and ellipticals. 
At higher redshifts, the brightest galaxies in rest-frame UV selected samples 
nearly all have structural peculiarities (Conselice et al. 2003a). When did 
normal disks and ellipticals form? Figure la demonstrates through an I < 27 
selected sample in the Hubble Deep Field North (HDF-N) that at high redshift 
the galaxy population is dominated by peculiars, while at low-z ellipticals and 
spirals are common. This transition is robust to effects of resolution, noise, and 
morphological k-corrections (Conselice et al. 2004, in prep.) 

A fundamental question to ask is whether these high redshift peculiars, of- 
ten called Lyman-break galaxies (LBGs), transform into disks and ellipticals. 
LBGs are likely the progenitors of massive nearby systems, based on their 
clustering properties (Giavalisco et al. 1998). However, LBGs are observed 
to have lower stellar masses, generally < M* (e.g., Papovich et al. 2001). If 
LBGs passively evolve, they will not contain enough mass to become massive, 
> M*, galaxies at z ~ 0. If we can determine the future evolution of LBGs, 
and other high redshift galaxy populations, we can begin to piece together the 
history of galaxy formation. 

3. The Galaxy Merger History 

There are a few major methods by which galaxies can form. The first is an 
early collapse when stars form in rapid bursts which then passively evolve. 
Other methods are due to hierarchical accretion of intergalactic material, or 
mergers with other galaxies. The formation methods of galaxies are hard to 
trace, although based on the star formation history of the universe it is unlikely 
that most galaxies formed rapidly and early (e.g., Madau et al. 1998). 

One method that can be traced is the incidence of major mergers. Major merg- 
ers in the nearby universe create distinct disturbed asymmetric morphologies 
that can be distinguished from pure star forming systems through the use of in- 
dices that measure asymmetries and the dumpiness of light distributions (Con- 
selice et al. 2000; Bershady et al. 2000; Conselice 2003). The basic idea is that 
galaxies which are asymmetric, without a corresponding high degree of light 
dumpiness, are likely to be involved in major mergers (Conselice 2003). How 
well does the asymmetry index (A) identify known mergers? Figure lb shows 
the deviation in sigma units between asymmetry (A) and dumpiness (S) values 
for nearby normal galaxies and merging ULIRGs. While normal galaxies have 
mostly low a deviations from the A-S correlation, ULIRGs span a much larger 
range, including the most highly asymmetric ones. 

We can use asymmetry values of HDF-N galaxies to measure the evolution 
of implied major merger fractions out to z ~ 3. We avoid morphological 
K-corrections by using the rest-frame B-band asymmetries of galaxies in the 
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Figure 1. Left panel - the morphological distribution as a function of type in the HDF, nor- 
malized to I< 27 counts. Right panel - the sigma deviation from the asymmetry-dumpiness 
correlation, showing that major mergers deviate by more than 3 <t from the relationship. Normal 
galaxies are solid boxes and major mergers (ULIRGs) are open circles. 



HDF-N (Conselice et al. 2003a). We define major mergers as galaxies with 
rest- frame B-band asymmetry larger than ^merger = 0.35. By taking the ratio 
of galaxies with asymmetries A > ^merger to the total number of galaxies in a 
given parameter range, implied merger fractions out to z ~ 3 can be computed 
as a function of absolute magnitude (Mb), stellar mass (M*), and redshift (z). 
This allows us to determine how and when galaxies formed as a function of 
stellar mass and time. 

Major merger fractions for galaxies brighter than M = —21 and —19 in the 
HDF-N are plotted in Figure 2a, along with semi-analytical model predictions 
of the same quantities. From this it appears that a large fraction of the bright- 
est galaxies are undergoing mergers, while fainter systems generally do not. 
The fraction of bright galaxies undergoing major mergers drops quickly at 
lower redshifts, while the fainter systems have merger fractions that remain 
largely constant with redshift (Conselice et al. 2003a). Semi-analytic model 
predictions of the same quantities, based on Durham group simulations, do a 
relatively good job of predicting merger fractions at high redshift, but over pre- 
dict the degree of major merging at lower redshifts for the most luminous and 
massive galaxies (Figure 2a). 



4. Merger and Stellar Mass Accretion Rates 

Using further information we can investigate the merger and stellar mass ac- 
cretion rates of galaxies from z = 0 out to z ~ 3, or to when the universe 
was only ~ 2 Gyr old. By assuming a merger time scale of 1 Gyr, and that 
each merger consists of two galaxies of equal mass, we can measure the rate 
of merging, and the stellar mass accretion rate due to major mergers. We can 
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— 19. Semi-analytical model predictions are also shown. Right panel - stellar mass accretion 
history from major mergers as a function of initial mass (see Conselice et al. 2003a). 

also determine how this accretion history varies with initial stellar mass (Fig- 
ure 2b; Conselice et al. 2003a, b). Based on these empirical measurements, the 
amount of stellar mass added to a M > 10^° Mq galaxy due to star formation 
and merging is enough to create a massive > M* galaxy at z ~ 0 (Conselice 
2004, in prep). 

Disk galaxies likely cannot form through these merger processes as they would 
have a hard time surviving mergers at high redshift. These systems are there- 
fore likely forming at about the same time they appear morphologically, at 
z ~ 1.5 (Figure 1). These galaxies have now possibly been identified at 
z > 1.5 by their low light concentrations in GOODS ACS images (Conselice 
et al. 2003c). These luminous diffuse objects (LDOs) are fairly common at 
redshifts 1 < z < 2 and have co-moving volumes similar to nearby massive 
disks. Follow up on these systems is now in progress. 
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Abstract The Canada-France Deep Fields (CFDF) and the VIRMOS Deep Imaging Sur- 
vey (VDIS) are deep, wide angle, multi-colour imaging surveys. The CFDF cov- 
ers ~ 0.65 deg^ mUBVI andreachesalimitingmagnitudeof Fas (3cr, 3") ~ 
27.5. The VDIS deep field covers ~ 1.2 deg^ in BVRI and reaches a limiting 
magnitude of Bab{So-,3”) ~ 26.5. With these data, we are able to identify 
some of the largest samples of photometrically selected Lyman-break galaxies 
(LBGs) at « ~ 3 to a limiting magnitude of 7ab(3ct, 3”) ~ 24.5 and at 2 ~ 4 
to a limiting magnitude of 7as(3ct, 3”) ~ 24. We select 1294 z ~ 3 LBGs 
for 20 < Iab < 24.5, and 194 z ~ 4 LBGs for 20 < Tab < 24. We deter- 
mine the correlation length in comoving space, ro and, using Cold Dark Matter 
(CDM) models, we estimate a linear bias, b, for LBGs. For A-flat cosmological 
parameters, we measure ro = (5.9 ± 0.5)/i“^ Mpc and b = 3.5 ± 0.3 at z ~ 3 
and ro = (7.4 ± l.2)h~^ Mpc and b = 5.4 ± 0.8 at z ~ 4. Although, the 
CFDF data indicates in one field (at a 2>a level) that ro depends on sample limit- 
ing magnitude: brighter LBGs are more clustered than fainter ones. The strong 
clustering and the large bias of high-redshift LBGs are consistent with models 
of biased galaxy formation and show that they are associated with massive CDM 
halos. 

Keywords: Galaxies: observations: high-redshift - evolution. Cosmology: LSS of Universe 
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1. Lyman-break galaxy samples 

We used the colour-colour method of high redshift galaxy selection developed 
by Steidel et al. (1999) using the Lyman break feature, to select 2 : ~ 3 and 
2 ; ~ 4 galaxies in two surveys. From catalogues created from our set of CFDF 
UBVI data (covering ~ 0.65 deg^ and described in McCracken et ah, 2001 
and Foucaud et ah, 2003), using a selection in a (17 — B)ab vs. {B — I)ab 
colour-colour diagram, we extracted samples of LBGs at redshift 2 ; ~ 3. From 
our set of VDIS BVRI data (covering ~ 1.2 deg^ and described in Le Fevre 
et ah, 2003 and McCracken et ah, 2003), using a {B — V)ab vs. {V — I)ab 
colour-colour diagram, we extracted a sample at redshift 2 ; ~ 4. Simulated 
catalogues indicate that the redshift ranges of our LBGs are 2.9 < 2 ; < 3.5 
in the CFDF and 3.9 < z < 4.5 in the VDIS. As the CFDF and the VDIS 
are reaching limiting magnitudes of Uab{^o', 3") ~ 27.5 and BABi^o', 3") ~ 

26.5 respectively, we were able to select samples consisting of 1294 LBGs 
over three different fields for 20 < Iab < 24.5, sub-samples in one field of 49 
LBGs for 20 < Iab < 23.5 and 358 LBGs for 23.5 < Iab < 24.5 at 2 ~ 3, 
and a sample consisting of 194 LBGs over one field for 20 < Iab < 24 at 
2 ~ 4 respectively. We measure a surface density of LBGs of n = (0.8 ± 0.2) 
arcmin”^ at 2 ~ 3 for 20 < Iab < 24.5 (mean over fields; errors from field- 
to-field variance) and n = (0.05 ± 0.005) arcmin”^ at 2 ~ 4 for 20 < Iab < 
24 (poissonian error). 

2. Clustering results 

Using the estimator of Landy & Szalay (1993), we found that for our 2 ~ 3 
and 2 ~ 4 samples the two-point projected galaxy correlation functions are 
well fitted by power-laws with a slope of 5 = 0.8. For two of our CFDF fields, 
we were able to fit simultaneously for both the slope 6 and the amplitude 
and as shown in figure la, the best fitted slopes are confirmed to be consistent 
with d = 0.8. Furthermore, in one of our CFDF field, measurements indicate 
that samples with fainter limits magnitudes have lower values of clustering 
amplitude. Comparing our brightest 20.0 < Iab < 23.5 and our faintest 

23.5 < Iab < 24.5 samples, we detect this effect with a 3 cj confidence level, 
as shown in the figure lb. For these two sub-samples we also find approxi- 
mately the same values of the slope. This segregation of clustering strength 
with apparent magnitudes is expected in the framework of galaxy biased for- 
mation, and is for the first time detected within a given high redshift galaxy 
sample. 

From our measurements of correlation function amplitudes, we determine cor- 
relation lengths in comoving space, rg, for a A-flat cosmology. At 2 ~ 3, 
we find rg = (5.9 ± 0.5)/i“^ Mpc for 20 < Iab < 24.5 and at 2 ~ 4, 
rg = (7.4 ± 1.2)h~^ Mpc for 20 < Iab < 24. All errors are computed from 
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Figure 1. (a) Contours of for the mean ui{0) computed for Lyman-break galaxies selected 

with Tab < 24.5 in the CFDF-14hr and CFDF-22hr fields, (b) Contours of for uj{6) for 
two subsamples of Lyman-break galaxies with 20.0 < Iab < 23.5 and 23.5 < Tab < 24.5 in 
the CFDF-14hr field. In those two plots, the plus symbol shows the best-fitting amplitudes and 
slope, and two contours correspond to the Icr (thick contours) and 3<t confidence levels. 



the poissonian errors. 

In figure 2a, we present the comoving correlation length tq as a function of 
redshift for A-flat cosmological parameters. For comparison we show differ- 
ent values obtained from clustering found in the literature computed using the 
same cosmological parameters. The lines represents predicted evolution of dis- 
tribution of the underlying dark matter. This implies that, as bias depends on 
redshifts and scales, the evolution of galaxy clustering is related of dark matter 
mass in a complex way. 

In figure 2b, we present the comoving correlation length vq as a function of sur- 
face density (computed from the predicted number of LBGs per arcmin^) for 
A-flat cosmological parameters. The line refers to the prediction from ACDM 
“transient” model (Moscardini et ah, 1998). For comparison we show results 
obtained from clustering of LBGs by Adelberger et al. (1998) and from clus- 
tering of galaxies selected with photometric redshift by Arnouts et al. (1999, 
2002) for the same sample of redshift. It reinforces that LBGs indicate loca- 
tions of halos with a good efficiency. Furthermore, this figure shows that LBGs 
are strongly clustered, which implies that LBGs trace massive CDM halos, and 
the more massive are the halos, the more the LBGs are clustered and the less 
they are abundant. This decrease of the clustering strength with density is pre- 
dicted by hierarchical models of structure formation and is consistent with the 
theory of biased galaxy formation. Using CDM models, we estimate a linear 
bias, b, for LBGs at z ~ 3 of 6 = 3.5 ± 0.3 and at 2 ; ~ 4 of 6 = 7.4 ± 1.2 in 
a A-fiat cosmology. This study, in agreement with previous ones, provide evi- 
dence for a picture in which structures form hierarchically and massive objects 
form at highest peaks in the underlying density field (Bardeen et ah, 1986). 
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Figure 2. (a) The measured comoving correlation length ro for our three CFDF LBGs sam- 

ples and our VDIS LBGs sample as a function of redshift for A-flat cosmological parameters, 
(b) The comoving correlation length ro for two LBGs samples at redshift « ~ 3 as a function 
of surface density for A-flat cosmological parameters. 
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Abstract Understanding the clustering of galaxies has long been a goal of modem obser- 
vational cosmology. Redshift surveys have been used to measure the correlation 
length as a function of luminosity and color. However, when subdividing the 
catalogs into multiple subsets, the errors increase rapidly. 

Utilizing our photometric redshift technique a volume limited sample (0.1 < 
a<0.3) containing more than 2 million galaxies is constmcted from the SDSS 
galaxy catalog. In the largest such analysis to date, we study the angular cluster- 
ing as a function of luminosity and spectral type. Using Limber’s equation we 
calculate the clustering length for the full data set as ro = 5. 77 ±0.10 /i“^Mpc. 
We find that ro increases with luminosity by a factor of 1.6 over the sampled lu- 
minosity range, in agreement with previous redshift surveys. We also find that 
both the clustering length and the slope of the correlation function depend on 
the galaxy type. In particular, by splitting the galaxies in four groups by their 
rest-frame type we find a bimodal behavior in their clustering properties. 

Keywords: observational cosmology, galaxy clustering, photometric redshifts 

1. Introduction 

One of the primary tools for studying the evolution and formation of structure 
within the universe has been the angular correlation function. Angular cluster- 
ing in magnitude-limited photometric surveys has the advantage of much larger 
catalogs, but suffers from a dilution of the clustering signal due to the broad 
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radial distribution of the sample. Also, up to now it has not been possible to 
select uniform subsamples based on physical parameters, like luminosity and 
rest-frame color. 

We can overcome many of the disadvantages of the angular clustering if we 
utilize photometric redshifts (Connolly et al. 1995). Photometric redshifts pro- 
vide a statistical estimate of the redshift, luminosity and type of a galaxy based 
on its broadband colors (Budavari et al. 2000, Csabai et al. 2003). As we can 
control the redshift interval from which we select the galaxies (and the distri- 
bution of galaxy types and luminosities) we can determine how the clustering 
signal evolves with redshift and invert it accurately to estimate the real space 
clustering length, ro, for galaxies. 

2. Rest-frame Selected Samples 

We study a volume-limited sample of galaxies selected from the Sloan Digital 
Sky Survey (York et al. 2000) that extends out to a redshift Zphot = 0.3 with 
limiting absolute magnitude Mr*=— 19.97. We further restrict the data set to 
those galaxies more distant than redshift of 0.1. The final catalog size is over 2 
million galaxies. To analyze how angular clustering changes with luminosity, 
the volume limited sample is divided into three absolute magnitude bins. These 
subsamples represented by Mi, M 2 and M 3 have limiting absolute magnitudes 
Mr* > —21, —21 > Mr* > —22 and —22 > Mr* > —23 respectively. The size 
of these subsets decrease by approximately a factor of two as a function of 
increasing luminosity. 

We subdivide by spectral class breaking the luminosity classes into four sub- 
groups (each with comparable numbers of galaxies). The first class consists of 
galaxies with SEDs similar to the Coleman, Wu & Weeman (1980) elliptical 
template (Ell), the second, third and fourth classes contain a broader distribu- 
tion of galaxy types approximately corresponding to She, Scd and Irr types, 
respectively. 

3. The Analysis in a Nutshell 

We utilize a novel approach to calculate the correlation function. Our imple- 
mentation of the Eandy-Szalay (1993) estimator is based on the East Eourier 
Transformation (Szapudi et al. 2001). Taking the masks into account, first we 
compute the 2D correlation function, then average over rings to derive w{6). 
The method also proves to be an exceptionally sensitive diagnostic tool. 

Erom the angular clustering we can derive the spatial correlation length, ro, 
using Eimber’s equation. We apply Bayes’ theorem to estimate the redshift 
distribution assuming a luminosity function and Gaussian uncertainty in the 
photometric redshifts. 
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Figure 1. The clustering strength changes as a function of absolute magnitude without change 
in the slope. The correlation function and the parameter fits are shown in the left and right 
panels, respectively. The straight line represents the best fit to the fiducial sample. 





Figure 2. The slope of the angular correlation function changes significantly as a function of 
SED type. The figures illustrate the trend in the lower luminosity bin with Mr* > —21. Note 
the bimodality in slope: the reddest two classes have the same slope, and the bluest two classes 
have the same slope, but the red slope differs distinctly from the blue slope. 



4. Results 

The amplitude and power of the correlation are calculated by fitting the usual 
formula, w{9) = Aw{6/9q) Normalizing 9 hy 9 q = 0.1° enables the 
amplitude Ayj be directly compared with the figures showing w{9) measure- 
menfs; A^ is essentially fhe value of fhe correlafion funclion af 9q, since 
Aw = w{9q). For fhe full volume-limited sample fhe besf til fo fhe dafa has a 
slope of (5 = 0.84 ± 0.02 wifh an amplifude of Aw = 0.078 ± 0.001. 
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The angular clustering of the galaxies in the three luminosity bins are compared 
in Figure 1 .The left panel shows the correlation function, and the right panel 
gives the parameters of the power-law fits. As expected, the more luminous 
galaxies are clustered more strongly: the amplitudes are roughly larger by a 
factor of 1.5 from one sample to the next and are measured to be 0.061 ±0.001, 
0.092 ± 0.002 and 0.138 ± 0.004. The slope of the correlation functions are 
consistent for all luminosity bins and with the fiducial value derived for the 
entire volume (the estimated slope parameters scatter around 6 = 0.84). 

We find fhaf galaxies wifh specfral fypes similar fo ellipfical galaxies have a 
correlafion lengfh of 6.59±0.17 /i“^Mpc and a slope of fhe angular correlafion 
function of 0.96 ± 0.05 while blue galaxies have a clustering lengfh of 4.51 ± 
0.19 /i“^Mpc and a slope of 0.68 ± 0.09, see Figure 2. The fwo intermediate 
color groups behave like fheir more exfreme ‘siblings’, rafher fhan showing a 
gradual fransifion in slope (Budavari el al. 2003). 
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Abstract In this work we present combined optical and X-ray cluster detection methods in 
an area near the North Galactic Pole area, previously covered by the SDSS and 
2dF optical surveys. The same area has been covered by shallow (~ 1.8 deg^) 
XMM-Newton observations. The optical cluster detection procedure is based 
on merging two independent selection methods - a smoothing-l-percolation tech- 
nique, and a Matched Filter Algorithm. The X-ray cluster detection is based on 
a wavelet-based algorithm, incorporated in the SAS v.5.3 package. The final op- 
tical sample counts 9 candidate clusters with richness of more than 20 galaxies, 
corresponding roughly to APM richness class. Three, of our optically detected 
clusters are also detected in our X-ray survey. 



1. Introduction 

The cosmological significance of galaxy clusters has initiated a number of 
studies aiming to compile unbiased cluster samples to high redshifts, utiliz- 
ing multiwavelength data (e.g. optical, X-ray, radio). From the optical point 
of view there are several available samples in the literature Abell, Corwin & 
Olowin 1989; Dalton et al. 1994; Olsen et al. 1999; Goto et al. 2002 which 
are playing a key role in astronomical research. Optical surveys suffer from 
projection effects Frenk et al. 1990 and thus, cluster detection in X-rays is a 
better approach, owing to the fact that the diffuse Intra-Cluster Medium (ICM) 
emits strongly in X-rays. The first such survey, was based on the Extended 
Einstein Medium Sensitivity Survey, containing 99 clusters Stocke et al. 1991. 
Recently, the ROSAT satellite allowed a leap forward in the X-ray cluster as- 
tronomy, producing large samples of both nearby and distant clusters Ebeling 
et al. 2000; Scharf et al. 1997. 
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However, even with the improved sensitivity of the XMM-Newton, optical sur- 
veys remain significantly more efficient and less expensive in telescope time 
for compiling cluster samples, albeit with some incompleteness and spurious 
detections. The aim of this work is to make a comparison of optical and X-ray 
cluster identification methods in order to quantify the selection biases intro- 
duced by these different techniques and to estimate the possible fraction of 
spurious optically selected clusters due to projection effects. 

2. Observational Data 

We analyze 9 XMM-Newton fields wifh nominal exposure lime belween 2 and 
10 ksec, covering an area of 1.8 deg^. However, one of Ihe fields, suffering 
from significanlly elevaled and flaring particle background, was excluded from 
Ihe X-ray analysis. We apply our oplical analysis lo Ihe Ihe SDSS Early Dala 
Release (EDR) Sloughlon el al. 2002, lhal cover le above menlioned area. Note 
lhal Golo el al. (2002) also applied an objeclive clusler finding algorilhm lo Ihe 
whole SDSS EDR and produced a lisl of 4638 galaxy clusters, wifh estimated 
pholomelric redshifls. 

2.1 Optical & X-ray Cluster Finding Algorithms 

One of our clusler deleclion algorilhm, applied lo Ihe SDSS dala, is based on 
smoolhing Ihe discrete dislribulion using a Gaussian smoolhing kernel. We se- 
lecl all grid-cells wilh overdensilies above a chosen critical Ihreshold (()>!) 
and Ihen we use a friends-of-friends algorilhm lo form groups of connected 
cells, which we consider as our candidate clusters. Note lhal Ihe grid cell size 
is such lhal al 2 ; = 0.4 il corresponds lo 100 /i~^kpc (~ 19")- The second op- 
tical cluster detection melhod is Ihe malched filter algorilhm (hereafter MEA) 
described by Poslman el al. (1996). Einally, we conslrucl our final cluster 
calalogue, in Ihe ~ 1.8 deg^ area covered by our XMM survey, by adopting 
Ihe conservative approach of considering as cluster candidates Ihose identified 
by bolh independenl selection melhods. This sample, conlains 9 clusters wilh 
SDSS richness of more lhan 20 galaxies, corresponding roughly lo APM lype 
clusters. Comparing our final lisl of 9 clusters wilh Ihe Golo el al. (2002) 
clusters, we find 5 in common. 

In order lo delecl candidate clusters in our XMM fields we use Ihe soft 0.3- 
2 keV band since il maximizes Ihe signal lo noise ratio, especially in Ihe 
case of relatively low lemperalure galaxy clusters. In particular, we utilize 
Ihe EWAVELET detection algorilhm of Ihe XMM-Newton SAS v.5.2 analysis 
software package, which delecls sources on Ihe wavelel Iransformed images. 
We have detected 7 candidate clusters on Ihe MOS mosaic, while 5 extended 
sources were detected on Ihe PN images, oul of which 3 overlap wilh Ihe MOS 
candidates. After excluding obvious double poinl sources and MOS-edge ef- 
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Figure 1. The smooth SDSS density field (left panel) in equatorial coordinates. The candidate 
cluster positions (right panel) within our shallow XMM survey. Open squares are the optically 
selected clusters using our technique, while open circles are the Goto et al. (2002) clusters. 
Crosses are our X-ray selected clusters. The large dotted circles represents the XMM 15 arcmin 
radius fields of view of our shallow XMM survey. 



fects we are left with 4 X-ray candidate clusters. The faintest extended source 
has a flux of ~ 2 x 10“^'^erg cm“^ s“^. 

3. Results 

In Fig. 1 (left panel) we plot the smoothed SDSS galaxy distribution, on the 
equatorial plane with contours delineating the 6cr = 1 level. While in Fig. 1 
(right panel), we plot the positions of (a) our detected cluster candidates, (b) 
the Goto et al. (2002) clusters and (c) the X-ray detected XMM clusters. All 
four X-ray detections coincide with optical cluster candidates from different 
methods, with the largest coincidence rate (3 out of 9) being with our methods. 
The most distant cluster, z = 0.67 Couch et al. 1991 in our optical sample, 
located at RA =13h 43min 4.84sec and DEC = 00° 00^ 56.26", found also 
in X-rays, is missed by Goto et al. (2002). However, there are still 6 optical 
clusters that do not appear to have X-ray counterparts. This could be a hint 
that these clusters are either the results of projection effects, or that our XMM 
survey is too shallow to reveal the probably weak X-ray emission from these 
clusters. 

In order to address this final issue and to study the relation between the lim- 
iting flux of our X-ray survey with respect to exposure time, we have carried 
out the following experiment. We have analyzed observations taken from 15 
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XMM public fields with mean exposure times ~ 21 ksec, after filtering to cor- 
rect for the high particle background in the soft 0.3-2 keV band. Using the 
parameters of the SAS software as described previously, we have detected 31 
candidate clusters. The faintest cluster detected, with a flux of ~ 5 x 10“^® 
erg cm“^ s“^, was found in the deepest field with an exposure time of 37 ksec. 
We then reduce the exposure times to a new mean value of ~ 5 ksec, similar 
to our shallow survey, and find only 9 out of the 31 previously identified can- 
didate clusters (29%), having a limiting flux of ~ 2.3 x 10“^'^ erg cm“^ s“^. 
Therefore, had we had deeper XMM observations (by an average factor of ~ 5 
in exposure time) we would have detected ~ 13 X-ray candidate clusters in the 
region covered by our shallow XMM survey, which is consistent (within la) 
with the number of our optical cluster candidates. 

4. Conclusions 

We have made a direct comparison between optical and X-ray based techniques 
used to identify clusters. We have searched for extended emission in our shal- 
low XMM-Newton Survey, which covers a ~ 1 .6 deg^ area (8 out of 9 original 
XMM pointings) near the North Galactic Pole region and we have detected 4 
candidate X-ray clusters. Out of the 4 X-ray candidate clusters 3 are common 
with our optical cluster list .This relatively, small number of optical cluster can- 
didates observed in X-rays suggest that some of the optical cluster candidates 
are either projection effects or poor clusters and hence they are fainter in X-rays 
than the limit of our shallow survey fx{0.3—2keV) ~ 2 x 10“^^erg cm“^ s“^. 
This latter explanation seems to be supported from an analysis of public XMM 
fields with larger exposure times. 
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Abstract We investigate photometric and clustering properties of galaxies atz = 3.5 — 5.2 
based on large samples of 2,600 Lyman Break Galaxies (LBGs) and Lyman a 
Emitters (LAEs) detected in deep {i! ~ 27) and wide-field (1,200 arcmin^) im- 
ages taken in the Subaru Deep Eield (SDF) and the Subaru/XMM Deep Field 
(SXDF). We find in the luminosity functions of LBGs that the number density 
of bright galaxies (M1700 < —22; corresponding to S'f7?corr' > lOOM0yr“^) 
decreases significantly from z = 4 to 5. We investigate the evolution of UV- 
luminosity density at 1700A, puv, and find that puv does not significantly 
change from z = 3 to z — 5, i.e., puv{z = 4)/puv(2 = 3) = 1.0 ± 0.2 
and puv(^ = 5)/puv(2 = 3) = 0.8 ± 0.4. We find clear clustering signals 
for both LBGs and LAEs, and estimate the correlation length (and the galaxy- 
dark matter bias) to be ro = i and Mpc (63 = 3.5lo'f 

4.6t?'.2 for L > L* LBGs at z = 4 and 5, respectively. We find that the corre- 
lation length of L > L* LBGs is almost constant, ~ 5h~^ Mpc, at z > 3, while 
the bias monotonically increases with redshift at z > 3. These findings support 
the biased galaxy formation picture. 



1. Introduction 

Formation history of galaxies is basically understood as a combination of two 
fundamental evolutionary processes, i.e., production of stars and accumulation 
of dark matter, in the standard framework of galaxy formation which is the 
Cold Dark Matter (CDM) models. In order to investigate the formation history 
of stars, many efforts have been made to search for high-z galaxies up to z ~ 7 
(e.g., Kodaira et al. 2003). On the other hand, clustering properties of galaxies 
are closely related to the distribution and amount of underlying dark matter 
(e.g., Verde et al. 2002). Thus, measuring clustering properties of galaxies 
is very useful for understanding the dark side of galaxy properties (different 
from stellar properties). We have launched surveys of two blank fields (SDF 

63 

M. Plionis (ed.), Multiwavelength Cosmology, 63 - 66 . 

© 2004 Kluwer Academic Publishers. Printed in the Netherlands. 



64 



MULTIWAVELENGTH COSMOLOGY 



and SXDF) with the Subaru Prime Focus Camera (Suprime-Cam; Miyazaki 
et al. 2002), which is the optical wide-held camera mounted on 8m-Subaru. 
These surveys cover wide areas with deep images which are appropriate for 
deriving two basic fundamental measures of high- 2 ; galaxies, i.e., luminosity 
functions and correlation functions. In this paper, we present the photomet- 
ric and clustering properties of Lyman Break Galaxies (LBGs) and Lyman a 
Emitters (LAEs) at 2 ; = 3.5 — 5.2. Throughout this paper, we use a set of the 
cosmological parameters of (12^, ^a, n, as) = (0.3, 0.7, 1.0, 0.9). 

2. Galaxy Samples 

We make three photometric samples of LBGs at 2 ; = 4 — 5 and one sample of 
LAEs at 2 ; = 4.9 from multi-band {B ,V ,R,i' ,z' , and NB^ll), deep {%' ~ 27) 
and wide-held (1,200 arcmin^ in total) optical imaging with Suprime-Cam in 
two blank helds. One is the Subaru Deep Eield (SDE: 13^24™21.4*,-|-27°29'23" 
[J2000]) covering a 616 arcmin^ area, and the other is the Subaru/XMM Deep 
Eield (SXDE: 2'"18™00^-5°12'00"[J2000]) covering a 653 arcmin^ area. The 
selection criteria for LBGs and LAEs we adopt are: 

B — R > 1.2, R — i < 0.7, B — R > 1.6(72 — i') -|- 1.9 {BRi — LBGs), 

V -i' > 1.2, i - z < 0.7, V -i' > -z') + 1.7 (Liz - LBGs), 

R — i' > 1.2, i' — z' < 0.7, R — i' > 1.0(i' — z') -|- 1.0 {Riz — LBGs), 

Ri — A" 72711 > 0.8, 72 — > 0.5, i' — A727n > 0, 72i = (72-|- T)/2 (LAEs). 

We apply these selection criteria to our photometric catalogs, and we hnd 1,438 
(732), 246(34), and 68 (38) objects for 7272i-LBGs at z = 4.0±0.5, Liz-LBGs 
at z = 4.7 ± 0.5, and 72iz-LBGs at z = 4.9 ± 0.3 in the SDE (SXDE), and 87 
EAEs at z = 4.86 ± 0.03. In order to examine how well these selection criteria 
isolate true LBGs and LAEs, we use 85 spectroscopically identihed objects at 
0 < z < 5 in the SDE obtained by Kashikawa et al. (2003), Shimasaku et al. 
(2003), and Ouchi et al. (2003b). We hnd that 6 (4) out of the 85 objects are 
EBGs (LAEs) at z > 3.5, and that no (one) spectroscopically identihed low- 
z interloper is included in our EBG (LAE) samples. Thus, our photometric 
samples are thought to be reliable. 

3. Luminosity Functions 

The UV-luminosity functions (LEs) of LBGs and LAEs are derived from the 
samples dehned in section 2. We show LEs of LBGs in Eigure la, together 
with those at z = 0 (Sullivan et al. 2000) and z ~ 3 (Steidel et al. 1999). 
The EE of our z ~ 4 EBGs is consistent with the one derived by Steidel et 
al. (1999). In Eigure la, we hnd that the number density of bright LBGs 
with Mi 7 oo ~ —22 decreases from z = 4 to z = 5. The difference between 
z = 4 and 5 is about one order in number density at M 1700 ~ —22. We 
calculate UV-luminosity densities of our LBGs by integrating the LEs (Eigure 
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la) down to 0.1 L*. The luminosity density of LBGs is puv = 1.9T0.2 x 10^®, 
2.0 ± 0.2 X 102®, and 1.6 ± 0.7 x 10^® erg s“i Hz"i Mpc-^ for z = 3, 
z = 4, and z = 5, where the value at z = 4 is the mean of our measurement 
and Steidel et al.’s (1999). Thus the ratio of the UV-luminosity density at 
z = 4 and 5 to that at z = 3 is puy{z = 4)/p\jy{z = 3) = 1.0 ± 0.2 and 
p\jv{z = 5)/puy{z = 3) = 0.8 ± 0.4. The total UV-luminosity density may 
slightly decrease toward z = 5, but the amount of the decrease is 20% at most. 
Although the number density of bright LBGs (M 1700 < —22) significantly 
decreases toward z = 5 (Figure la), the total UV-luminosity density does 
not change largely. This is because the total UV-luminosity density is mainly 
contributed by LBGs fainter than M 1700 22. 



SFR„.{h7-|Moyr-‘) 
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Figure la. Luminosity functions (LFs) 
of LBGs at 2 = 4 — 5. LFs of BRi-, Viz-, 
and ffiz-LBGs are given in the top panel, 
middle panel, and bottom panel, respec- 
tively. In each panel, filled circles (open 
circles) are the LFs derived from the SDF 
(SXDF) data. The solid lines are the best- 
fit Schechter functions. The dashed lines 
denote the LF of UV-selected galaxies in 
the local universe (Sullivan et al. 2000), 
while the dotted lines are the LF of LBGs 
at 2 ~ 3 derived by Steidel et al. (1999). In 
the top panel, the best-fit Schechter func- 
tion of LBGs at 2 = 4 (Steidel et al. 
1999) is shown by the dash-long dashed 
line down to ~ —21 mag. The upper ab- 
scissa axis, 5F7?raw, indicates the star- 
formation rate without extinction correc- 
tion. The true (extinction-corrected) star- 
formation rate is about a factor of 4 larger 
than the raw rate (Ouchi et al. 2003b). 
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Figure lb. Correlation length ro (top 
panel) and galaxy-dark matter bias bg (bot- 
tom panel) as a function of redshift. The 
filled circles indicate our LBGs at 2 = 
4 — 5, and the filled diamond is for LBGs 
at 2 = 3 (Giavalisco & Dickinson 2001); 
these LBGs at 2 = 3 — 5 have a similar lu- 
minosity (> L*). The open circle indicates 
LAEs at 2 = 4.9 obtained by Ouchi et al. 
(2003a). The filled pentagons, triangles, 
and squares are ro of galaxies at 2 = 0 — 1 
shown in the literature (see Ouchi et al. 
2003c and references therein). The dotted 
line shows the correlation length of the un- 
derlying dark matter obtained with a non- 
linear theory (Peacock & Dodds 1996). 
The solid lines indicate ro and bg of galax- 
ies with Mb < — 19 -F 51ogh predicted 
by the semi-analytic model of Kauffmann 
etal. (1999). 
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4. Angular Correlation Functions 

We derive angular correlation functions of these sample galaxies, and find a 
clear clustering signal with a significant level in each galaxy sample. We fit a 
power law, ui{9) = , to the data points, and we calculate the correlation 

lengths, ro, from the best-fit by Limber de-projection. Since the clustering 
amplitude (i.e., correlation length) depends on the brightness of galaxies , we 
compare the correlation lengths of LBGs whose luminosities are L > L* . We 
make subsamples composed of L > L* LBGs at z = 4 and 5 with i' < 25.3 
and z' < 25.8 corresponding to M < —20.8 and M < —20.5 (~ M*\ Ouchi 
et al. 2003b), and calculate the correlation length to be ro = 5.ll}'5/ij~QQ 
Mpc and Mpc, respectively. The top panel of Figure lb plots 

ro as a function of redshift, together with ro of the underlying dark matter 
calculated by the non-linear model of Peacock & Dodds (1996). We also show 
the correlation lengths of LBGs with L > L* at z = 3 given by Giavalisco 
& Dickinson (2001) and of all LAEs at z = 4.9 obtained by Ouchi et al. 
(2003a). The correlation length of LBGs with L > L* is almost constant 
around ro ~ 5hj"QQMpc at z = 3 — 5, although it might increase slightly with 
redshift. It is also found that the correlation amplitudes of LBGs (and LAEs) 
are much higher than that of underlying dark matter. We plot values of the bias 
against underlying dark matter, bg = y/Cg/^DM at 8/ijgQMpc, in the bottom 
panel of Eigure lb. LBGs and LAEs found to be biased against dark matter by 
~ 3 — 5, and the bias becomes stronger at higher redshifts. This increase 
in LBGs’ bias can be regarded as a piece of evidence supporting the biased- 
galaxy formation scenario (e.g., Baugh et al. 1999). 
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ILLUMINATING PROTOGALAXIES? 
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Abstract We have discovered extended Lyman-a emission around a z = 4.5 QSO in a 
deep long-slit spectrum with Keck/LRIS at moderate spectral resolution (R ~ 
1000). The line emission extends 5 arcsec heyond the continuum of the QSO 
and is spatially asymmetric. This extended line emission has a spectral extent 
of lOOOkm/s, much narrower in velocity spread than the hroad Lyman-a from 
the QSO itself and slightly offset in redshift. No evidence of continuum is seen 
for the extended emission line region, suggesting that this recombination line is 
powered by reprocessed QSO Lyman continuum flux rather than by local star 
formation. This phenomenon is rare in QSOs which are not radio loud, and this 
is the first time it has been observed at 2 > 4. It seems likely that the QSO is illu- 
minating the surrounding cold gas of the host galaxy, with the ionizing photons 
producing Lyman-a fluorescence. As suggested by Haiman & Rees (2001), this 
“fuzz” around a distant quasar may place strong constraints on galaxy formation 
and the extended distribution of cold, neutral gas. 

Keywords: line: profiles, formation; techniques: spectroscopic; galaxies: formation, evolu- 

tion; quasars: emission lines, high-redshift, individual - PC0953-I-4749 

1. Introduction 

Although it is by now well-established that QSOs are hosted by galaxies, QSOs 
themselves are difficult to interpret as probes of galaxy evolution. The evolu- 
tion of the QSO and galaxy populations is expected to be linked, but in fact 
they exhibit very different behaviour: the extinction-corrected Madau-Lilly di- 
agram of volume-averaged star formation is flat at redshifts beyond z = 1 
(Hopkins, Connolly & Szalay 2000 AJ 120, 2843), yet the QSO luminosity 
function peaks sharply at z = 2 (Schmidt, Schneider & Gunn 1995 AJ, 110, 
68 ). 

A quasar phase may be a natural (but brief) evolutionary stage in the life of 
all massive galaxies, and theory predicts the proto-galaxy to be enveloped by 
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spatially-extended cold gas of temperature ~ 10,000 K, with a radiative cooling 
time shorter than the dynamical time. Interesting questions include: What is 
the physical effect of a QSO turning on within an assembling galaxy? And is 
this observable? 

Recent theoretical work predicts a Lyman-a halo with a surface brightness of 
~ 10“^^ergss“^ cm“^ arcsec“^ (Haiman & Rees 2001 ApJ 556, 87). Such 
haloes have been seen in radio galaxies and radio-loud QSOs {e.g., Bremer et 
al. 1992 MNRAS 258, 3) but in these cases it is probably related to outflows. 
Until now, this phenomenon has yet to be seen for quasars which are not radio 
loud (see Hu & Cowie 1987 ApJLett 317, 7). If no extended emission can be 
found, this may imply that QSOs only turn on when the gas has settled into a 
thin disk or the cold gas has already been consumed in star formation. 

The ionizing photons from the QSO will generate recombination line emis- 
sion from optically-thick neutral hydrogen clouds around the QSO. There will 
be low surface-brightness Lyman-a “fuzz” anyway from line cooling of gas 
in the halo potential, and external photoionization by UV background {e.g., 
Bunker, Marleau & Graham 1998 AJ 116, 2086), but the presence of the QSO 
will greatly enhance this. Haiman & Rees (2001) predict a Lyman-a halo 
extending out to a significant fraction of virial radius (10 — 100 kpc), corre- 
sponding to an angular size of ~ 3". The predicted surface brightness of 
~ 10“^^ ergs cm“^ arcsec“^ is accessible to large telescopes with spec- 
troscopy or deep narrow-band imaging. Another recent theory paper by Alam 
& Miralda-Escude (2002 ApJ 568, 576) claims 100 times fainter surface bright- 
ness and very small extent for the extended Lyman-a emission (0.4"). The 
large discrepancy in the predictions arises from different assumptions about 
the clumping factor of cold gas and central concentration of the line-emitting 
region. 

2. Our Observations 

We have been undertaking an extensive study of the radio-quiet quasar 
PC0953-I-4749 at z = 4.46 (Schneider, Schmidt & Gunn 1991 AJ 101, 2004) 
which has 3 damped Lyman-a systems at 2 ; > 3 (Figure 1). The long-slit spec- 
troscopy was obtained with Keck/LRIS (Oke et al. 1995 PASP 107, 375) for 
1 hour at spectral resolution of 300km/s. Inspection of the 2D spectrum reveals 
Lyman-a at the QSO redshift but extended spatially beyond the continuum of 
the QSO (Figure 2). This is the first time this phenomenon has been seen at 
z > 4 in a QSO which is not radio-loud. 

This line emission extends over ~ 5" beyond the QSO point spread function. 
The emission is asymmetric, which implies either that gas is clumpy, or that 
the radiation is beamed anisotropically. 
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Figure 1. Our Keck/LRIS spectrum of the radio-quiet QSO PC0953-r4749 at 2 = 4.46. We 
confirm 3 damped Lyman-a systems at 2 > 3. 




Figure 2. The upper panel shows the 2D longslit Keck/LRIS spectrum of the QSO 
PC0953-I-4749. Wavelength increases left-to-right, and the slit axis is vertical. The region 
around Lyman-a from the QSO at 2 = 4.46 is shown, and the damped Lyman-a absorption 
system at 2 = 4.25 can also be seen near the 6363 A sky line. The spectrum of the QSO point 
source has been subtracted in the lower panel to reveal residual Lyman-a emission at 6670 A 
(2 = 4.49) extended over « 5 arcsec. 
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Wavelength (angstroms) 



Figure 3. The extracted ID spectrum of the QSO (solid line) compared with that of the 
spatially-extended Lyman-a emission (dashed line, flux scaled up by x 30). 

The extended line emission (the dashed line in Figure 3) covers a spectral ex- 
tent of ~ 1000 km/s FWHM. This is not a good measure of the velocity dis- 
persion of the gas, as this line is resonantly broadened. The spatially extended 
line emission is much narrower than Lyman-a from the QSO (solid line). No 
evidence of continuum is seen for the extended emission line region. This in- 
dicates that the recombination line is probably powered by reprocessed QSO 
UV flux rather than by local star formation. 

The Hi cloud of this host galaxy is > 35 kpc (O = 0.3). The size and 
surface brightness agree more closely with the theoretical prediction of Haiman 
& Rees (2001) than with that of Alam & Miralda-Escude (2002). However, we 
stress that this is only one example: other deep longslit spectra of high-redshift 
QSOs need to be studied to see if this extended emission is a generic feature of 
QSOs in young galaxies. 
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Abstract We present a quantitative method of classification of the multi-wavelength mor- 
phology of galaxies, elaborated from the nearby galaxies and usable to high 
redshift objects. We use the morphological parameters of concentration of light 
at the galaxy center and 180°-rotational asymmetry, computed in several wave- 
lengths, from ultraviolet (UV) to R band. The variation of these indices with A 
reflects the proportion of young and old stellar populations in galaxies, that is 
characteristic of every of morphological types : elliptical/lenticular, spiral and 
irregular. We need to elaborate some templates of these variation spectra from 
the study of nearby objects, for an application to distant galaxies. 

Keywords: galaxies,morphology, high redshift, ultraviolet, multi-wavelength, concentration, 

asymmetry. 

1. Introduction 

* The number of unclassified galaxies with the Hubble’s classification scheme 
increases with the distance: 7% in local universe, 39% in HDF, according to 
van den Bergh et al.(1996). These galaxies may be : low surface-brightness 
galaxies, small angular-size galaxies or series interacting objects. 

* Hubble’s classification was elaborated in optical wavelength, but galaxy mor- 
phology changes with A. 

* We need a new system of morphological classification, that accounts for the 
physical processes of galaxies formation. Such a system must be successful 
for nearby objects and high-redshift galaxies. 

2. The Data 

We work on UV images from UIT (1500Aand 2500A) and FOCA telescope 
(2000A) associated to optical data in U, B, V, R bands from Marcum et aZ.(2001) 
and Larsen & Richtler(1999) samples. The galaxies we used are the following 
: M 81, M 82, M 100, NGC 1156, NGC 1316, NGC 1317, NGC 1399, NGC 
2835, NGC 5204. 
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3. The Method 

Concentration of Kent: Defined as: Ck = 51og(^J^) by Kent(1985) and 
based on the ratio of two radii including 80% and 20% of total flux. Bershady 
et al. (2000) showed that Ck is very steady against a spatial resolution degra- 
dation and allows the study of high redshift galaxies. 

Asymmetry index: A is a measure of the asymmetry of galaxies by a 180° 
rotation. It consists in computing the difference pixel by pixel between the 
original image and its 1 80° rotation, in absolute value, and in normalizing the 
result by the sum of the original pixels. A correction term must be added to A, 
because of the subtraction in absolute value which systematically introduces a 
positive value. 



^ _ 1 |-S/>n(Tsi,y 1-^ -^0 

“ 2 ^ YJo 



kscale I ^ ^0 

TJo 



That definition is inspired from Kuchinski et al.(2000), that uses in the subtrac- 
tion only the pixels above the nc7sfcj/-level ; kscaie is scale factor on the number 
of pixel used. The correction term ^ 1 7? — i?o | is statistically computed with 
the relation: ~ ^o| = ^ ^ (^sky^pix- That definition minimizes the in- 

fluence of signal-to-noise ratio and is useful until S/N ^ 1, in UV and optical 
bands. 

Bandshifting: Appearance of galaxies changes with the wavelength A: in UV, 
spiral galaxies present a faint or an inexistent bulge; star-forming regions, scat- 
tered on the spiral arms, give a patchy aspect. At longer wavelengths, like in R 
bands, the central bulge is prominent; and the red old-stellar population gives 
to the disk a uniform appearance. Thus, generally speaking, spiral galaxies 
have a later type in UV than in visible (Figure 1 on top left) As expected, we 
obtained the mean profiles (Figure 1 on bottom left) of Ck and A3 with A 
{“Morpho-spectra”) : the highest variations are those of spiral galaxies. 

To quantify the variations of asymmetry and concentration as a function of the 
wavelength, we define the spectro-morphological shift (Figure 1): 



SspM = V {Auv - Avis^ - {Cuv - Cvis)'^ 



That new morphological parameter accounts for physics of galaxies by sepa- 
rating one and two-stellar-component galaxies: A correlation with asymmetry 



One-stellar-component galaxies 


E/SO and Irregular types 


SspM < 0.45 


Two-stellar-component galaxies 


Late Spiral type 
Early Spiral type 


0.45 < SspM < 0.95 
SspM > 0.95 



or color index makes it possible to discriminate irregular and elliptical types 
(Figure 2 on top right) 
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Figure 1. Spectro-Morphological Shift SspM 



4. An example of application at high 2 

We have used that method on 3 galaxies of the HDF: HDF 4-378, 4-474 and 4- 
550 (see Bunker et aZ.(2000)). Their morpho- spectra clearly show that they are 
3 spirals (Figure 2 on bottom right). Moreover the positions of those 3 galaxies 
in {SspM, ^uv) and {SspM, B — V) diagrams confirm that result (Figure 2 
on top right). 

5. Conclusions and Perspectives 

A larger sample of galaxies will be helpful to improve our template at low 
z. UV is the most constraining band to go on and the UV survey GALEX 
launched on the 28th April 2003 will certainly be a key point. We must also 
understand the behavior of active nuclei galaxies in such a system of classifica- 
tion. Galaxies of the Hubble Deep Field are under study, in collaboration with 
C. Conselice 
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Figure 2. On top left: {A, C) diagrams in UV and visible. There is a global shift toward the 
late type from visible to UV. On bottom left: templates of morpho-spectra elaborated from a 
sample of nearby galaxies. On top right: {SspM , Auv) and {SspM, B — V) diagrams allow 
to distinguish 4 morphological types. On bottom right: morpho-spectra found for 3 high -2 
galaxies. 
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Abstract The past year has seen very dramatic progress in the observational study of 
the CMB anisotropy. New results include the first detection of polarization 
anisotropy of the CMB by DASIPOL; extensive sky coverage from the ARCHE- 
OPS balloon experiment; and very high angular resolution data from CBI and 
ACBAR. But the most significant new data are the first year results from the 
WMAP satellite, which cover 100% of the sky in 5 bands from 23 to 94 GHz 
with angular resolutions up to 13'. 

Keywords: cosmic microwave background, anisotropy 

1. Introduction 

Shordy after the Cosmic Microwave Background (CMB) was discovered (Pen- 
zias and Wilson, 1965), the first anisotropy in the CMB was seen: the dipole 
pattern due to the motion of the observer relative to the rest of the Universe ( 
Conklin, 1969). After confirmation by Henry, 1971 and by Corey and Wilkin- 
son, 1976 the fourth “discovery” of the dipole (Smoot et ah, 1977) showed 
a very definite cosine pattern as expected for a Doppler effect, and placed an 
upper limit on any further variations in Tcmb- 

Polarization of the CMB was shown to be < 300 /iK (Lubin and Smoot, 1981). 
At the time of the launch of COBE in 1989 (Boggess et ah, 1992), the CMB 
was known to have a blackbody spectrum to within 10%, although the Berkeley- 
Nagoya rocket experiment had suggested deviations from a Planck spectrum 
at that level. Eurthermore, the anisotropy with spherical harmonic index l> 1 
(to exclude the isotropic ^ = 0 and the dipole i = 1 terms) was known to be 
< 56 pK (Klypin et al., 1987) from the results of the Russian Relikt satellite. 
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COBE showed that the CMB spectrum was a 2.725 K blackbody to within 50 
parts per million (Fixsen et ah, 1996, Mather et ah, 1999) and that there was 
an intrinsic > 1) anisotropy with AT 2 = ^/2AQrms-ps = 27 /xK (Ben- 
nett et ah, 1996). The polarization of the anisotropy was found to be less than 
15 /iK. 

Theoretically the first predictions of AT/T = 10“^ (Sachs and Wolfe, 1967) 
and AT/T = 10“^'^ (Silk, 1968) had been superseded by predictions based 
on cold dark matter (Peebles, 1982, Bond and Efstathiou, 1987). These predic- 
tions were consistent with the small anisotropy seen by COBE and furthermore 
predicted a large peak at a particular angular scale due to acoustic oscillations 
in the baryon/photon fluid prior to recombination. The position of this big peak 
and other peaks in the angular power spectrum of the CMB anisotropy depends 
on a combination of the density parameter Vim and the vacuum energy density 
Vly- Thus measuring this peak provides a means to determine the density of the 
Universe (Jungman et ah, 1996). By 1994 a tentative detection of the big peak 
at the position predicted for a flat Universe had been made (Scott et ah, 1995). 
By the beginning of 2000 the peak had been localized to = 229±8.5 (Knox 
and Page, 2000). Eater that year the BOOMERanG group claimed to have 
made a dramatic improvement in this datum to £pk = 197 ± 6 (de Bernardis 
et ah, 2000). This smaller value for ipf^ favored a slightly closed model for the 
Universe. 

The predicted polarization level was an order of magnitude lower than the 
anisotropy. This predicted polarization was caused by electron scattering dur- 
ing the late stages of recombination. The magnitude of the polarization de- 
pends on the anisotropy being in place at recombination, as is the case for 
primordial adiabatic perturbations but not for topological defects; the electron 
scattering cross-section; and the recombination coefficient of hydrogen. A de- 
tection of this polarization would be a very strong confirmation of the standard 
model for CMB anisotropy, but due to the small signal no detections were 
made until late in 2002. 

Because polarization is a vector field, two distinct modes or patterns can arise 
(Kamionkowski et ah, 1997, Seljak and Zaldarriaga, 1997): the gradient of a 
scalar field (the “E” mode) or the curl of a vector field (the “B” mode). Electron 
scattering only produces the E mode. Electron scattering gives a polarization 
pattern that is correlated with the temperature anisotropy, so the E modes can 
be detected by cross-correlating the polarization with the temperature. The B 
modes cannot be detected this way, and the predicted level of the B modes 
is at least another order of magnitude below the E modes, or two orders of 
magnitude below the temperature anisotropy. 

In this paper I will discuss the new observations that have been released in the 
year prior to this meeting: June 2002 to June 2003. I will discuss these results 
in time order. 
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2. DASIPOL 

The Degree Angular Scale Interferometer (DASI) is a very small array that op- 
erates at 26-36 GHz and the South Pole. After measuring the angular power 
spectrum of the anisotropy (Halverson et ah, 2002) the instrument was con- 
verted into a polarization sensitive interferometer which detected the E mode 
polarization at 5.5cr hy looking at a small patch of sky for most of a year of 
integration time (Kovac et ah, 2002). The level agreed well with the solid 
predictions for adiabatic primordial perturbations. Since the measured quan- 
tity was the EE autocorrelation, the 5.5 it corresponds to a 9% accuracy in the 
polarization amplitude. 

The TE cross-correlation was also seen, but with only 50% accuracy. As ex- 
pected, the B modes were not seen. 

3. ARCHEOPS 

ARCHEOPS is a balloon-borne experiment built to test the detectors and the 
cryogenic system planned for the ESA Planck Explorer mission High Ere- 
quency Instrument. With bolometers cooled below 0.1 K, this experiment 
achieves a very high instantaneous sensitivity and was able to map a substan- 
tial fraction of the sky with good SNR in only 1 night of observing. With this 
large sky coverage came a lower level of cosmic or sample variance, so the 
ARCHEOPS data gave much better results on the low-^ side of ipk- This gave 
a peak location of = 220 ± 6 (Benoit et ah, 2003). 

4. ACBAR 

ACBAR is a large format bolometer camera array. It operates at several fre- 
quencies on both sides of the peak of the spectrum of the CMB, and thus can 
be used to make a sensitive test for the Sunyaev-Zeldovich effect. However, 
the data released to date are only at one frequency. ACBAR is placed on the 
VIPER telescope, which has a 2 meter diameter and is located at the South 
Pole. ACBAR was able to measure the CMB angular power spectrum up to 
i > 2000 (Kuo et ah, 2002), but the size of the surveyed regions was so small 
that ACBAR’s I resolution was too limited to provide much information about 
Ipk- What ACBAR was able to do with its high observing frequency was show 
that the excess at £ > 2000 seen by CBI (Mason et ah, 2003) was not a primary 
CMB anisotropy. It could be due to point sources, or it could be due to the S-Z 
effect, both of which would be much weaker in the ACBAR band than in the 
CBI 26-36 GHz band. 
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Figure 1. Cloud of points from a Monte Carlo Markov chain sampling of the likelihood 
of models fit to the WMAP plus other CMB datasets. The size of the points indicates how 
consistent the model is with the HST Key Project on the Distance Scale value for the Hubble 
constant. The contours show the likelihood computed for 230 Type la supemovae (Tonry et ah, 
2003). 



5. WMAP 

The WMAP satellite was launched on 30 June 2001. On 11 Feb 2003 the 
results from the first year of data were released. At the same time, the mis- 
sion was renamed the Wilkinson Microwave Anisotropy Probe to honor the 
late David T. Wilkinson who was a key member of both the COBE and the 
WMAP teams until his death in September 2002. The results from WMAP and 
their cosmological significance are described in 13 papers and will not be re- 
peated here. Bennett et ah, 2003a gives a description of the WMAP mission. 
Bennett et ah, 2003b summarizes the results from first year of WMAP obser- 
vations. Bennett et ah, 2003c describes the observations of galactic and ex- 
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tragalactic foreground sources. Hinshaw et al, 2003b gives the angular power 
spectrum derived from the the WMAP maps. Hinshaw et al., 2003a describes 
the WMAP data processing and systematic error limits. Page et al., 2003a dis- 
cusses the beam sizes and window functions for the WMAP experiment. Page 
et al., 2003b discusses results that can be derived simply from the positions 
and heights of the peaks and valleys in the angular power spectrum. Spergel 
et al., 2003 describes the cosmological parameters derived by fitting the WMAP 
data and other datasets. Verde et al., 2003 describes the fitting methods used. 
Peiris et al., 2003 describes the consequences of the WMAP results for infla- 
tionary models. Jarosik et al., 2003 describes the on-orbit performance of the 
WMAP radiometers. Kogut et al., 2003 describes the WMAP observations of 
polarization in the CMB. Barnes et al., 2003 describes the large angle side- 
lobes of the WMAP telescopes. Komatsu et al., 2003 addresses the limits on 
non-Gaussianity that can be derived from the WMAP data. 

From the WMAP data plus CBI and ACBAR, the position of the big peak in 
the angular power spectrum is found to be = 220.1 ± 0.8. The position of 
the big peak defines a frack in fhe ^rn-^v plane shown in Figure 1. 

The rafios of fhe anisofropy powers below fhe peak at £ ^ 50, al fhe big peak 
at £ ^ 220, in fhe Irough at £ ^ 412, and al fhe second peak at £ ^ 546 
can be precisely determined using fhe WMAP dala which has a single consis- 
lenl calibration for all £’s. Previously, Ihese £ ranges had been measured by 
differenl experimenfs having differenl calibrations so fhe ratios were poorly 
determined. Knowing Ihese rafios determines fhe pholon:baryon:CDM densily 
rafios, and since fhe photon densily was precisely delermined by FIRAS on 
COBE, one oblains accurate values for fhe baryon densily and fhe dark mailer 
densily. These values are £lhh‘^ = 0.0224 ± 4%, and = 0.135 ± 7%. 

The ratio of CDM to baryon densities is 5.0:1. 

Since Ihe mailer densily is fairly well conslrained by Ihe ampliludes, 

Ihe positions of a poinl in Figure 1 serves to define a value of Ihe Hubble 
conslanl. The size of Ihe poinls in Figure 1 indicates how well Ihis derived 
Hubble conslanl agrees wilh Ihe Ffo = 72 ± 8 from Ihe HST Key Projecl ( 
Freedman el al., 2001). Also shown as contours are Ihe Ax^ = 1, 4, &: 9 
contours from fils to 230 SNe la (Tonry el al., 2003). Clearly Ihe CMB dala, 
Ihe HST dala, and Ihe SNe dala are all consislenl al a Ihree-way crossing lhal 
is very close to Ihe Hal Universe line. 

The WMAP dala show a TE (lemperalure-polarizalion) cross-correlation. Al 
small angles Ihe TE amplilude is perfeclly consislenl wilh Ihe slandard piclure 
of Ihe recombination era. Bui Ihere is also a large angle TE signal lhal gives 
an estimate for Ihe election scattering optical deplh since reionizalion: r = 
0.17 ±0.04. 
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6. Discussion 

The CMB data released in the past year has moved cosmology into a new 
precision era, with the baryon, dark matter and vacuum energy densities all 
known along with the Hubble constant. 
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1. Introduction 

Anisotropies in the Cosmic Microwave Background (CMB) contain a wealth of 
information about fundamental cosmological parameters (White et al. 1994), 
as well as providing a direct link to theories of high-energy physics and struc- 
ture formation. The most straightforward models for anisotropies in the CMB 
(Bond & Efstathiou, 1987) feature two key physical scales: a length scale 
associated with acoustic oscillations of density fluctuations in the primordial 
plasma, and an exponential damping of these fluctuations caused by photon 
diffusion. Both of these physical scales depend upon the values of the cosmo- 
logical parameters at and before the time of recombination, and the relation 
of these scales to observable angular scales on the sky is determined by the 
angular diameter distance between the present and z = 1100. Detections of 
acoustic peaks have been reported (e.g. Miller et al. 1999, de Bernardis et al. 
2000, Halverson et al. 2002). The detailed signature of causal processes on the 
spectrum also conveys information about cosmological parameters. 

In addition, the polarization of the CMB can break degeneracies between the 
primordial spectrum and later processes such as acoustic oscillations, and pro- 
vides a fundamental test of our theories. CMB polarization anisotropies have 
been detected (Kovac et al. 2002), although the shape of the power spectrum 
of polarized anisotropies is not yet well characterized. Secondary anisotropies 
such as the Sunyaev-ZeTdovich Effect (SZE) probe more recent epochs of 
structure formation. 

The Cosmic Background Imager (CBI) is an interferometer designed to mea- 
sure CMB anisotropies on angular scales of 400 < i < 4250. The CBI 
consists of an array of 13 0.9-meter diameter antennas mounted on a 6-meter 



*on behalf of the CBI collaboration 



85 

M. Plionis (ed.), Multiwavelength Cosmology, 85-88. 

© 2004 Kluwer Academic Publishers. Printed in the Netherlands. 



86 



MULTIWAVELENGTH COSMOLOGY 



steerable platform, and operating in 10 1-GHz bands between 26 and 36 GHz 
(~ 1 cm); it is sited high in the Chilean Andes. The CBI is well suited to mea- 
sure intrinsic anisotropies in both intensity and polarization, and secondary 
SZE anisotropies. In these proceedings we report on the status of CBI efforts 
in these directions. 

2. Previous Results from the CBI 

Previous intensity anisotropy results from the CBI have been reported by Padin 
et al. 2001, Pearson et al. 2003, and Mason et al. 2003. These results were 
based on 240 nights of observing divided between 3 deep fields (individual 
pairs of CBI pointings) and 3 mosaic fields. The mosaic fields provided a fofal 
sky coverage of 40deg^. The deep fields allowed exfensive dafa consisfency 
checks and had very low fhermal noise, and fhus formed fhe basis for resulfs 
al high 1. These dafa indicale a drop in fhe anisolropy power speclrum from 
I ~ 900 and oul lo £ ~ 2000. The dafa poinls in Ihis region are consislenl 
wilh fhe Iheorelical curve oblained by filling lo fhe low-£ dafa. This slrongly 
supporls fhe physics underlying Ihese models, i.e., an approximately scale- 
invarianl speclrum of primordial densily fluclualions modified primarily by 
acouslic oscillalions and Silk damping (Silk 1968) before recombinalion. See 
Sievers el al. 2003 for a cosmological parameter analysis of fhe CBI mosaic 
dafa. 

Beyond I = 2000 fhe CBI deep field dafa show a significanl deleclion of power. 
If is unlikely lhal a significanl fraclion of Ihis excess power is due lo residual 
radio source conlaminalion, as fhe combinalion of OVRO dafa and 30 GHz 
source counl informalion from fhe CBI maps — logelher wilh fhe conservalive 
approach of projecting all NVSS source modes oul of fhe dalasel — have en- 
abled us lo place slrong limils on foreground conlaminalion. For values of 
~ 1 Ihe observed signal is consislenl wilh a secondary SZE anisolropy due lo 
high-redshifl galaxy clusters. The small sky coverage in Ihe CBI deep fields is 
a limiting factor, since Ihe SZE signal is highly non-Gaussian and has a large 
“Cosmic Variance”. This poinl, and plans to improve poinl source conslrainls, 
will be discussed below. 

3. New Results & Current Work 
3.1 Intensity: 

Since Ihe resulls of Pearson el al. 2003 and Mason el al. 2003, Ihe CBI has con- 
tinued to observe. Sky coverage and lolal integration time have each roughly 
doubled, resulting in ~ y/2 belter in £ resolution al large angular scales. There 
are a number of further improvemenls to our analysis: 
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■ WMAP has made a more accurate 30 GHz calibration feasible. We have 
used WMAP’s measurement of Jupiter’s brightness temperature to re- 
duce our calibration uncertainty to 2% (4% in bandpower). 

■ We have improved our understanding of the thermal noise in the CBI 
data. This permits us to combine the mosaic and deep data for a single 
unified CBI power spectrum. The high I results then also come from a 
larger sky area, reducing the non-Gaussian Cosmic Variance uncertainty. 

■ For the unified spectrum we have adopted a variable binning scheme 
with a single wide bin at high-^ breaking down into narrow {51 = 100) 
bins at the largest scales. 

Preliminary results from this analysis are shown in Figure 1 . The improved res- 
olution at low-£ is notable. Results at high-£ are consistent with those reported 
in Mason et al. 

We are working in collaboration with NRAO to field a sensitive 30 GHz re- 
ceiver and wideband continuum backend on the GBT. When completed this 
instrument will, by reducing the uncertainty in the residual source level and 
allowing many NVSS sources to be vetoed, further improve results on small 
angular scales. 




0 1000 2000 3000 



1 points off scole ^ 

Figure 1. CMB power spectrum from CBI 2000 and 2001 data. Blue and red show alternate 
binnings of the data; grey stars show the sum of the thermal noise power spectrum and the 
residual point source spectrum (which is sub-dominant at all 1). 



88 



MULTIWAVELENGTH COSMOLOGY 



3.2 Polarization: 

Polarization anisotropies in the CMB are expected to peak at higher £ (~ 900) 
than intensity anisotropies. This is near the peak of the CBFs sensitivity. 
During years 2000 and 2001 one antenna was kept in a cross-polarized state; 
this data has been used to place stringent limits on polarized anisotropy from 
400 < £ < 2000 (Cartwright et al. in preparation). 

The CBI has been reconfigured into a compact, highly redundant configuration 
to make these measurements; it has also been outfitted with upgraded HEMT 
amplifiers which will save 25% in observing lime, and swilchable broadband 
circular polarizers. Polarization observafions wifh fhe upgraded system have 
been underway since Fall 2002, and fhe analysis of fhese dafa are underway. 

4. Summary 

We have summarized previous resulls from fhe Cosmic Background Imager, 
as well as currenf resulls and prospecls for currenl CBI observing campaigns 
focused on higher £ resolution, small angular scales, and CMB polarization. 
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Abstract We present results obtained with the PRONAOS balloon-borne experiment on 
interstellar dust. In particular, the submillimeter / millimeter spectral index is 
found to vary between roughly 1 and 2.5 on small scales (3.5' resolution). This 
could have implications for component separation in Cosmic Microwave Back- 
ground maps. 

Keywords: dust, extinction — infrared: ISM — submillimeter — cosmology: Cosmic Mi- 

crowave Background 



1. Introduction 

To accurately characterize dust emissivity properties represents a major chal- 
lenge of nowadays astronomy. It is crucial for deriving very accurate maps 
of the Cosmic Microwave Background fluctuations, as well as for understand- 
ing the physics of the interstellar medium. In the suhmillimeter domain, large 
grains at thermal equilihrium (e.g. Desert et al. 1990) dominate the dust emis- 
sion. This thermal dust is characterized hy a temperature and a spectral depen- 
dence of the emissivity which is usually simply modeled hy a spectral index. 
The temperature, density and opacity of a molecular cloud are key parame- 
ters which control the structure and evolution of the clumps, and therefore, 
star formation. The spectral index (/3) of a given dust grain population is di- 
rectly linked to the internal physical mechanisms and the chemical nature of 
the grains. 

It is generally admitted from Kramers-Kdnig relations that 1 is a lower limit for 
the spectral index. /3 = 2 is particularly invoked for isotropic crystalline grains, 
amorphous silicates or graphite grains. However, it is not the case for amor- 
phous carhon, which is thought to have a spectral index equal to 1. Spectral 
indices above 2 may exist, according to several laboratory measurements on 
grain analogs. Observations of the diffuse interstellar medium at large scales 
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favour (5 around 2 (e.g. Boulanger et al. 1996, Dunne & Bales 2001). In the 
case of molecular clouds, spectral indices are usually found to be between 1.5 
and 2. However, low values (0.2- 1.4) of the spectral index have been observed 
in circumstellar environments, as well as in molecular cloud cores. 

2. PRONAOS observations 

PRONAOS (PROgramme NAtional d’ Observations Submillimetriques) is a 
French balloon-borne submillimeter experiment (Ristorcelli et al. 1998). Its 
effective wavelengths are 200, 260, 360 and 580 /xm, and the angular resolu- 
tions are 2' in bands 1 and 2, 2.5' in band 3 and 3.5' in band 4. The data ana- 
lyzed here were obtained during the second flight of PRONAOS in September 
1996, at Fort Sumner, New Mexico. The data processing method, including 
deconvolution from chopped data, is described in Dupac et al. (2001). This 
experiment has observed various phases of the interstellar medium, from dif- 
fuse clouds in Polaris (Bernard et al. 1999) and Taurus (Stepnik et al. 2003) 
to massive star-forming regions in Orion (Ristorcelli et al. 1998, Dupac et al. 
2001), Messier 17 (Dupac et al. 2002), Cygnus B, and the dusty envelope sur- 
rounding the young massive star GH20 092.67-1-03. 07 in NCS. The p Ophiuchi 
low-mass star-forming region has also been observed, as well as the edge-on 
spiral galaxy NGC 891 (Dupac et al. 2003b). 

3. Analysis of the Galactic dust emission 

We fit a modified black body law to the spectra: ly = eo By{\, T) (A/Aq)”^, 
where ly is the spectral intensity (MJy/sr), eg is the emissivity at Aq of the 
observed dust column density. By is the Planck function, T is the temperature 
and (3 is the spectral index. In most of the areas, we use either only PRONAOS 
data or PRONAOS -i- IRAS 100 pm data. We restrain the analysis to all fully 
independent (3.5' side) pixels for which both relative errors on the temperature 
and the spectral index are less than 20%. This procedure allows to reduce the 
degeneracy effect between the temperature and the spectral index. Dupac et 
al. (2001) and Dupac et al. (2002) have shown by fitting simulated data that 
this artificial anticorrelation effect was small compared to the effect observed 
in the data. 

We present in Fig. 1 the spectral index - temperature relation observed. The 
temperature in this data set ranges from 1 1 to 80 K, and the spectral index also 
exhibits large variations from 0.8 to 2.4. One can observe an anticorrelation 
on these plots between the temperature and the spectral index, in the sense 
that the cold regions have high spectral indices around 2, and warmer regions 
have spectral indices below 1.5. In particular, no data points with T > 35 K 
and /7 > 1.6 can be found, nor points with T < 20 K and j3 <1.5. This 
anticorrelation effect is present for all objects in which we observe a large 
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Figure 1. Spectral index versus temperature, for fully independent pixels in Orion (black 
asterisks), M17 (diamonds), Cygnus (triangles), p Ophiuchi (grey asterisks), Polaris (black 
squares), Taurus (grey square), NCS (grey cross) and NGC 891 (black crosses). The full line is 
the result of the best hyperbolic fit: j3 = g 4 +o^oost 



range of temperatures, namely Orion, M17, Cygnus and p Ophiuchi. It is also 
remarkable that the few points from other regions are well compatible with this 
general anticorrelation trend. The temperature dependence of the emissivity 
spectral index is well fitted by a hyperbolic approximating function. 

Several interpretations are possible for this effect: one is that the grain sizes 
change in dense environments, another is that the chemical composition of 
the grains is not the same in different environments and that this correlates 
to the temperature, a third one is that there is an intrinsic dependence of the 
spectral index on the temperature, due to quantum processes such as two-level 
tunneling effects. Additional modeling, as well as additional laboratory mea- 
surements and astrophysical observations, are required in order to discriminate 
between these different interpretations. More details about this analysis and 
the possible interpretations can be found in Dupac et al. (2003a). 

4. Implications for high-redshift far-infrared observations 

A recent paper from Bales et al. (2003) showed that the 850 / 1200 pra ratio 
of their sample of extragalactic millimeter sources was very low, which could 
be explained by spectral indices of the dust around 1 in high-redshift galaxies. 
Though this result is still uncertain, it might confirm our measurements be- 
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cause high-redshift galaxies are likely to be warmer than low-redshift galaxies 
(because of cosmic expansion). 

The anticorrelation between the temperature and the emissivity spectral index 
can indeed have major implications for deriving the redshifts, masses, temper- 
atures, luminosities, etc, of extragalactic objects. 

5. Implications for Cosmic Microwave Background 
measurements 

Even high Galactic latitude clouds can have a non-uniform spectral index (e.g. 
Bernard et al. 1999). Since the Galactic dust is the major contributor to CMB 
foregrounds in the submillimeter and millimeter domains, even small varia- 
tions of the dust spectral energy distribution can harm the CMB measurements 
if the component-separation methods assume a uniform dust spectral index. 
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Abstract We investigate the implications of recent cosmic microwave background radia- 
tion (CMB) and large scale structure (LSS) results the neutrino background and 
mass. We use the recent WMAP data, together with previous CBI data and 2dF 
matter power spectrum, to constrain the effective number of neutrino species 
Neff and the neutrino mass in a general Cosmology. We find that Nef / =4.08 
with a 95 per cent C.L. 1.9 < Neff < 6.62. The curvature we derive is still 
consistent with flat, but assuming a flat Universe from the beginning implies a 
bias toward lower Neff, as well as artificially smaller error bars. We analyze 
and discuss the degeneracies with other parameters, and point out that probes 
of the matter power spectrum on smaller scales, accurate independent ag mea- 
surements, together with better independent measurement of Hq would help in 
breaking the degeneracies. As for the neutrino mass, we show that CMB and 
matter power spectrum at the present time are unable to constrain the neutrino 
mass below 0.4 eV, unless a strong assumption on the bias parameter is assumed. 
Adding constraints on erg significantly reduces the uncertainty on the neutrino 
mass. 

Keywords: gravitation - cosmology: theory - large-scale structure of Universe - cosmic 

microwave background - dark matter: neutrino 

1. Constraints on the neutrino background 

We describe here the constraints that recent CMB and LSS results have implied 
on the neutrino background N^ff, that is the amount of relativistic energy den- 
sity at recombination/equivalence. 

We consider only CDM adiabatic perturbations, and the following set of pa- 
rameters, with usual definitions: Hq, Ny, Ug, Ag, Zre- We 

use the WMAP and CBI data together with the 2dF matter power spectrum 
with no bias assumption, and we discuss the effect of adding other priors. 
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Figure 1. The marginalized likelihoods 
for the parameters under consideration. We 
have assumed here a top-hat prior on Ho 
corresponding to the Icr interval allowed 
by the HST key project results. The solid 
line is for a general curvature, the dotted 
corresponds to the flat Universe case. The 
general curvature tends to push the con- 
straints on Nef f toward higher values. The 
same upper limits on N^ff are probably 
due to the upper limit imposed on Hq (< 
80). Notice that Zrs in the range consid- 
ered here is not constrained by the data. 



Figure 2. The marginalized likelihoods 
in the case of a general cosmology. The 
short-dashed line only consider CMB-l-2dF 
data, the dotted includes the Ho prior from 
the HST project, and the solid also includes 
SN data. We// is restricted to be < 6.6 at 
95 per cent C.L., and Llk tends to be neg- 
ative but is still consistent with flat. Note 
the high ris and Zre values. The long- 
dashed line is obtained adding an hypo- 
thetical prior on erg with the typical scaling 
from clusters and weak leasing. 



First we compare the results for a flat model {Ylk = 0) with those for a general 
Universe when Hq to vary only in the range 64 < Ho < 80 corresponding to 
the Ifj allowed range of the HST result. In fig.l we present the likelihoods for 
each parameter, after marginalization over all the others, for flat and generally 
curved cases. We find a best fit N^ff = 4.08 {Ngff = 3.70) for the general 
curvature (flat) case, with 2.23 < Neff < 6.13 (1.82 < Neff < 5.74) at the 
95% C.L. The assumption of a flat Universe biases the result toward low Neff 
and shrinks the inferred error bars. Notice that the general curvature analy- 
sis is important at the present time because of the great improvement that the 
WMAP results have implied on the CMB power spectrum. Constraints from 
CMB and LSS on flat Universes previous to the WMAP were much weaker: 
Neff < 15 at 95% C.L., rendering the general curvature analysis very little 
constraining. In fig. I the flat and curve case present the similar upper limit for 
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Neff mainly because we imposed a tight top-hat prior on i^o (< 80). The like- 
lihood indeed seems to prefer high values for Hq, which may allow for extra 
radiative component. 

For the general curvature case, we now proceed to discuss the effect of various 
priors on the determination of N^ff. In fig. 2 we present the results for the 
general curvature case, where we allow for a wider Hq (and Zre) range. The 
best fit for N^ff in this case is N^ff = 4.31, with a 95 per cent C.L. range : 
1.6 < Neff < 7.1 from CMB and 2dF only, and Neff = 4.08 with 1.9 < 
Neff < 6.62 when the Hq prior from the HST project is included. 

We note that the inclusion of extra relativistic energy causes a higher val- 
ues than in the standard case, a higher Zre and a slightly closed Universe 
(Ufc = —0.013 ± 0.015). We argue that, since a high Neff boosts the first 
peak through the early ISW effect, a higher Ug combined with an early reion- 
ization of the Universe can still ensure a good fit to the CMB data. Matter 
power spectrum data on smaller scales than the ones probed by 2dF (e.g. Ly-a 
forest data) may be used in breaking this degeneracy, because the matter power 
spectrum is only sensitive to Ug and not to Zre- Unfortunately these data are 
not fully reliable at the present time. In fig. 2 we nofe fhaf fhe derived value 
of (Ts is quite high (0.97 ± 0.1) yef because of fhe favoured high Ug values. 
Acfual quofafions of fhe fjg value range befween 0.75 and 1 ( Pierpaoli el al. 
2003), so lhal a broad prior on cjs would aheady decrease fhe allowed ng and 
improve fhe errors on Neff . Consisfenf 5 per cenf accuracy measuremenls of 
(Tg from bofh weak tensing and clusfers would greally improve fhe conslrainf 
on Neff. As an example, in hg. 2 we plof fhe curves obfained wifh an hy- 
polhefical prior on erg wifh fhe fypical scaling derived from clusfer and weak 
tensing: ug (12^/0. 3)° ® = 0.85 ± 0.05. Such prior would imply a lower 12^ 
and Neff = 3.8 ± 1.6. The inclusion of fhe Supernovae in fhe analysis doesnT 
parficularly improve fhe resulfs on Neff , allhough if slighlly improves fhe 12^ 
and Ua delerminalion. 

2. CMB and LSS constraints on mj. 

The scales currenlly probed by fhe CMB experimenls al Zrec — 1000 marginally 
overlap wifh Ihose probed by fhe mailer mailer power speclrum al much lower 
redshifls. The growlh of perlurbalions belween Zrec — 1000 and now is greally 
affected by Ihe presence of massive neulrinos. Considering a small neulrino 
abundance, Ihe ralio of growlh rate belween Ihe pure CDM case and Ihe mas- 
sive neulrino one is: 

[<2o/5rec]/, _ 0.25(-l-r5v^l-r24/25/U-l 

[•5o/V„l/,=„ ■ ‘ ’ 

(fu = fly/fldm) which is Ihe solid curve in fig. 3. The poinls are a piece of 
a Markov chain performed on CMB dala plus 2dF power speclrum wilh a Hal 
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bias prior. Their density represents the likelihood of that erg - fy values, while 
the gray-scale reflects the ^dmh'^ value associated with that point. First we no- 
tice that the chain density clearly reflects the theoretical curve, indicating that 
the normalization of the power spectrum plays a crucial role in constraining the 
neutrino abundance and, in turn, the neutrino mass. For three degenerate neu- 
trinos, fu ^ 0.1 corresponds to a mass rriu — 0.4 eV rm = 93.8 Vluh? eV, 
for Udmh'^ = 0.13 this is = 12.2 fi, eV) . We therefore conclude that 

CMB plus 2dF data are unable to constrain the neutrino mass below such value, 
unless a strong assumption on the bias parameter is made (as was the case for 
the result quoted by the WMAP team). Alternatively, a precise measurement 
of cjg may significantly reduce the uncertainty on my. In particular, values of 
fjg > 0.8 would imply fy < 0.05, and therefore my < 0.2 eV. 
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Figure 3. The fraction of neutrino abundance versus the mass variance at 8 h IMpc. A 
precise measurement of erg would greatly improve the neutrino mass limit, currently set by 
fy < 0.1 (m^ < 0.4 eV). 
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Abstract Archeops is a balloon-borne instrument dedicated to measure the cosmic mi- 
crowave background (CMB) temperature anisotropies. It has, in the millimetre 
domain (from 143 to 545 GHz), a high angular resolution (about 10 arcminutes) 
in order to constrain high £ multipoles, as well as a large sky coverage fraction 
(30%) in order to minimize the cosmic variance. It has linked, before WMAP, 
COBE large angular scales to the first acoustic peak region. From its results, 
inflation motivated cosmologies are reinforced with a flat Universe (fltot = 1 
within 3 %). The dark energy density and the haryonic density are in very good 
agreement with other independent estimations based on supemovae measure- 
ments and big bang nucleosynthesis. Important results on galactic dust emission 
polarization and their implications for Planck-Hfi are also addressed. 



1. Introduction 

Archeops is a CMB bolometer-based instrument using Planck-Hfi tech- 
nology that fills a niche where previous experiments were unable to provide 
strong constraints. Namely, Archeops seeks to join the gap in £ between 
the large angular scales as measured by Cobe/Dmr and degree-scale experi- 
ments, typically for £ between 10 and 200. For that purpose, a large sky cover- 
age is needed. The solution was to adopt a spinning payload mostly above the 
atmosphere, scanning the sky in circles with an elevation of around 41 degrees. 
The gondola, at a float altitude above 32 km, spins across the sky at a rate of 
2 rpm which, combined with the Earth rotation, produces well sampled sky 
map at 143, 217, 353 and 545 GHz. 
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Figure 1. Archeops CMB power spectrum (Benoit et al. 2003a) in 16 bins along with other 
recent experiments Cobe (Tegmark et al. 1996), WMAP (Bennett et al. 2003), Maxima ( 
Lee et al. 2001), Boomerang (Netterfield et al. 2002) and Dasi (Halverson et al. 2002). 



2. Description of the instrument 

The instrument was designed by adapting concepts put forward for Planck- 
Hfi and using balloon-borne constraints (Benoit et al. 2002) : namely, an open 
^He-'^He dilution cryostat cooling spiderweb-type bolometers at 100 mK, cold 
individual optics with horns at different temperature stages (0.1, 1.6, 10 K) and 
an off-axis Gregorian telescope. The CMB signal is measured by the 143 and 
217 GHz detectors while interstellar dust emission and atmospheric emission 
are monitored with the 353 (polarized) and 545 GHz detectors. The whole 
instrument is baffled so as to avoid stray radiation from the Earth and the bal- 
loon. We report on the first results obtained from the last flight (12.5 night 
hours) that was performed from Kiruna (Sweden) to Russia in February 2002. 

3. Results 

After being calibrated with the CMB dipole - in agreement with the FIRAS 
Galaxy or Jupiter emission - eight detectors (yielding effective beams of typi- 
cally 12 arcminute FWHM) at 143 and 217 GHz are found to have a sensitivity 
better than 200 A large part of the data reduction was devoted to 

removing systematic effects coming from temperature variations on the various 
thermal stages and atmospheric effects. 

Benoit et al. 2003a and Benoit et al. 2003b show the results of a first analysis of 
the data, which are summarized below. Only the best bolometer of each CMB 
channel (143 and 217 GHz) was used. The data are cleaned and calibrated, 
and the pointing is reconstructed from the stellar sensor data. The sky power 
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spectrum above a galactic latitude of 30 “(free of foreground contamination) 
is deduced using a MASTER-like approach (Hivon et al. 2002). The observed 
spectrum is shown in Fig. 1 and compared to a selection of other recent exper- 
iments. Much attention was paid to the possible systematic effects that could 
affect the results. At low £, dust contamination and at large £, bolometer time 
constant and beam uncertainties are all found to be negligible with respect to 
statistical errors. The sample variance at low £ and the photon noise at high £ 
are found to be a large fraction of the final Archeops error bars in Fig. 1. 

4. Cosmological constraints 

Archeops provides a precise determination of the first acoustic peak in terms 
of position at the multipole ^peak = 220 ± 6, height and width. Using a large 
grid of cosmological models with 7 parameters, one can compute their likeli- 
hood with respect to the datasets. An analysis of Archeops data in combina- 
tion with other CMB datasets constrains the baryon content of the Universe to 
a value Ub/i^ = 0 . 022 tgQg 4 which is compatible with Big-Bang nucleosyn- 
thesis (O’Meara et al. 2001) and with a similar accuracy (Fig. 2). Using the 
recent HST determination of the Hubble constant (Freedman et al. 2001) leads 
to tight constraints on the total density, e.g. Utot = 1-OOio 02 ’ *^he Universe 
would be flat. An excellent absolute calibration consistency is found between 
COBE, Archeops and other CMB experiments (Fig. 1). All these measure- 
ments are fully compatible with inflation-motivated cosmological models. The 
constraints shown on Fig. 2 (right), leading to a value of Ua = O.TSlggy for 
the dark energy content, are independent from and in good agreement with su- 
pernovae measurements (Perlmutter et al. 1999) if a flat Universe is assumed. 
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Figure 2. Likelihood contours for 3 of the cosmological parameters: total density versus 
baryonic density and cosmological constant. Greyscale corresponds to 2-D limits and dashed 
line to 1-D contours equivalent to 1, 2, and 3 a thresholds. A Prior on the Hubble constant 
Ho = 72 ± 8 km/s/Mpc (68% CL, Freedman et al. 2001) has been added. 
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5. Polarized Foregrounds 

The polarized channel at 353GHz gives important results on the polarization 
of the emission of the dust in the galactic plane. Concerning the large scales, 
we find a diffuse emission polarized at 4-5% with an orientation mainly per- 
pendicular to the galactic plane. We found also several clouds of a few square 
degrees polarized at more than 10% in the Gemini and the Cepheus regions. It 
is interesting to note that the brightest region, Cygnus, is not polarized. These 
results suggest a powerful grain alignment mechanism throughout interstellar 
medium. All the interpretations are developed in Benoit et al. 2003c. Interstel- 
lar dust polarization emission will be a major foreground for the detection of 
the polarized CMB for Planck-Hfi. 

6. Conclusions 

The measured power spectrum (Benoit et al. 2003a) matches the Cobe data 
and provides for the first time a direct link between the Sachs-Wolfe plateau 
and the first acoustic peak. The measured spectrum is in good agreement with 
that predicted by inflation models producing scale-free adiabatic perturbations 
and a flat Universe. Finally note that these results were obtained with only half 
a day of data. 

Use of all available bolometers and of a larger sky fraction should yield an 
even more accurate and broader CMB power spectrum in the near future. The 
large experience gained on this balloon-borne experiment is providing a large 
feedback to the Planck-Hfi data processing community. 
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Abstract The availability of large-format filled-array FIR-(sub)millimetre wavelength cam- 
eras during the next decade promises to provide unprecedented imaging fidelity. 
The simultaneous increase in the telescope collecting area of new facilities will 
also provide the observational data with greater sensitivity and resolution. To- 
gether, these instrumental advances will contribute important data to some of 
the most challenging questions in observational cosmology. In this brief review 
I highlight a few of the major results from the first 6 years of (sub)millimetre ex- 
tragalactic surveys, in particular those that have offered constraints on the evo- 
lutionary history of high-redshift AGN and optically-obscured dusty starburst 
galaxies. I also describe some of the difficulties and ambiguities that arise in 
the interpretation of the existing submillimetre data and their follow-up multi- 
wavelength observations. Finally I outline why, with the combined capabilities 
of the future FIR to millimetre wavelength experiments, we can shortly expect to 
answer the outstanding questions regarding the nature, redshift distribution, lu- 
minosity function and large-scale distribution of the (sub)millimetre population 
of galaxies identified in blank-field surveys. 



1. Introduction 

Rest-frame far-infrared (FIR) to millimetre wavelength observations have the 
ability to detect violent star formation in heavily-obscured galaxies which can 
be “missed” in rest-frame optical-UV searches. Due to a strong negative k- 
correction, submillimetre and millimetre (hereafter sub-mm) wavelength ob- 
servations, in particular, are able to trace the evolution of star formation in 
dusty galaxies throughout a large volume of the high-redshift Universe (in prin- 
ciple with as much ease at z ~ 8 as at z ~ 1), and back to extremely early 
epochs. Given the large accessible volume of sub-mm surveys it is possible to 
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test whether siih-mm galaxies represent the rapid formation of massive (ellip- 
tical) systems in a single violent collapse of the material in the highest-density 
peaks of the underlying large-scale matter distribution, or whether they are 
built over a longer period from the continuous merging of lower-mass systems 
with more modest star formation rates. Eventually, interferometric imaging 
surveys with ALMA (and also the SMA for the brightest targets) will deter- 
mine whether massive sub-mm galaxies form as a single object or whether, 
under higher-resolution observations, they break-up into multiple sources. In 
the meantime, the source-counts, redshift distribution and clustering informa- 
tion obtained from the current generation of sub-mm surveys can still provide 
useful, albeit crude, initial tests of competing galaxy formation models (e.g. 
van Kampen 2003). Two comprehensive descriptions of the properties of the 
starburst galaxies and AGN identified in sub-mm wavelength surveys by Small 
et al. (2002) and Blain et al. (2002) provide useful introductions to this paper. 

2. Surveying the extragalactic sky at the sub-mm 

The first generation of cosmological surveys at sub-mm wavelengths have been 
conducted with the SCUBA (Holland et al. 1999) and MAMBO cameras, 
which both use modest-sized bolometer arrays (~ 100 pixels), on the 15-m 
JCMT and 30-m IRAM telescopes respectively. These sub-mm surveys, which 
covered areas ranging from 0.002 - 0.2 deg^ (Small et al. 1997; Hughes et al. 
1998; Barger et al. 1999a; Bales et al. 1999, 2000; Lilly et al. 1999; Scott et 
al. 2002; Box et al 2002; Cowie et al. 2002; Small et al. 2002; Borys et al. 
2003; Webb et al. 2003), have contributed significantly to the first efforts to 
understand the history of obscured star formation at high-z. The sub-mm data, 
however, remain limited in their ability to accurately measure the evolution- 
ary model and large-scale distribution of the sub-mm galaxy population. Lig.l 
illustrates the two fundamental reasons why this is the case: first, the extra- 
galactic sub-mm source-counts cover a dynamic-range of only 15-20; second, 
the errors on the binned data reflect the fact that < 100 galaxies have been 
detected in all sub-mm surveys at a significance > 4cr. Thus, wifh fhese re- 
stricfed sfafisfics if is difficull fo measure fhe flux-densify al which Ihe fainl- 
end source-counls converge, and Iherefore determine fhe conlribulion of Ibis 
sub-mm populalion lo fhe exlragalaclic background emission. The combined 
effecl of cluslering and small survey-areas also has a slrong impacl on fhese 
fainl source-counl measuremenls (Hughes & Gazlanaga 2000, Gazlanaga & 
Hughes 2001). Lurlhermore, fhe poor source-counl sfafisfics leave enough un- 
cerlainly in fhe sleepness of fhe brighl-end counls lhal if is difficull lo ascerlain 
whelher Ihis reflecls a cul-off in fhe evolving luminosily function and redshifl 
dislribulion of fhe sub-mm populalion. 
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Figure 1. Extragalactic 850/^m source-counts measured from the SCUBA surveys sum- 
marised in §2. The solid-line represents one of many possible strongly-evolving models that 
fit the 850/rm data. The measured source-counts cover a narrow range of flux densities 
(~ 0.5 — 12mJy) and therefore leave two unexplored regions (shown as dark-grey shaded 
polygons) populated by the numerous, faint galaxies below the existing observational confu- 
sion limits, and the brightest, but rarer galaxies that can only be detected in the widest-area 
surveys. The combination of both larger single- aperture and interferometric telescopes (e.g. 
LMT, GBT, ALMA), as well as larger-format cameras on smaller ground-based (JCMT, APEX, 
IRAM), balloon-borne (BLAST) and satellite telescopes (SIRTF, ASTRO-F, Herschel) are re- 
quired to provide the necessary increase in resolution, sensitivity and mapping speed to con- 
strain the revolutionary model for the sub-mm population. The shaded-area of the source-count 
parameter-space will be populated with accurate measurements at 170/im - 3 mm from these 
new experiments (and existing telescopes with upgraded instrumentation). 



The practical reasons for the above limitations have been described elsewhere 
(Hughes 2000; Hughes & Gaztanaga 2000) and can be summarised as follows: 
restricted wavelength coverage (enforced by the few ground-based FIR-mm 
atmospheric windows); low spatial resolution (resulting in both a high extra- 
galactic confusion limit and poor positional accuracy); restricted field-of-view 
with the current sub-mm and mm bolometer arrays (typically 5 arcmin^); and 
low system sensitivity (a combination of instrument noise, size and surface 
accuracy of telescope aperture, sky transmission and sky noise) which restrict 
even the widest and shallowest sub-mm surveys to areas <0.2 deg^. Hence, in 
the effort to obtain these blank-field surveys, the existing sub-mm observations 
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are necessarily only sensitive to the most luminous and massive star-forming 
galaxies (Lfir ~ 3 > IO^^Lq, or SFR > 300MQyr“^). Given the shape 
of the sub-mm k-correction, the errors in the calculated luminosities and star 
forming rates (considering only the uncertainty in z) are factors of a few, since 
the preliminary z information indicates that the sub-mm population is domi- 
nated by galaxies at z > 1 (§3). 

Future observations at sub-mm wavelengths with the next generation of larger 
telescopes will simultaneously increase the resolution, and provide sufficient 
sensitivity to detect the fainter population of galaxies that will be accessible 
with the corresponding reduced confusion-limit. For example, observations at 
1.1 mm with the Large Millimeter Telescope (LMT - www.lmtgtm.org), with 
a primary aperture of 50-m, are expected to reduce the extragalactic confusion 
limit by a factor of > 20, compared to the measured 850/xm limit determined 
from SCUBA observations with the JCMT. We can expect, therefore, that in 
the near future mm-wavelength surveys will search for (and find) optically- 
obscured galaxies with far more modest FIR luminosities (Lfir IQiiLo) 
and SFRs (~ 10 — 50MQyr“^). We must wait for observations with ALMA, 
however, before fainter and more quiescent galaxies (similar to the Milky 
Way), can be detected at the highest redshifts (if they exist). 

The construction of larger telescopes alone, however, is not sufficient if the 
goal is to detect (at the confusion-limit) the faintest and most numerous sub- 
mm galaxies, as well as the brightest and rarest sub-mm sources in the high-z 
Universe. For example, a search for the most extreme star-forming galaxies 
(SFR >> 5OOOM0yr“^), associated perhaps with the rapid formation of a mas- 
sive elliptical in less than a few Gyrs, would require a sub-mm survey covering 
>100 sq. degrees before a statistically-significant result could be achieved. 
Such a survey is well beyond the capability of current instrumentation. 
Although the increased sensitivity (using larger telescopes) provides a faster 
mapping-speed for the current bolometer cameras, the greatest gains will be 
achieved through the development of the large-format (> 5000 pixel) cameras 
that can fill the focal-plane of the future large ground-based telescopes (e.g. 
100-m GBT, 50-m LMT). The recognition of this fact is prompting the intense 
activity to build the next-generation of sub-mm and mm cameras, many of 
which will exploit (i) the speed and sensitivity of superconducting transition- 
edged sensors (TES), (ii) their multiplexing capability, when combined with 
a read-out array of SQUIDs, and (iii) new micro-machining techniques that 
enable these large, fully-sampled monolithic wafers to be fabricated. 

3. Multi-wavelength follow-up of sub-mm surveys 

To fully understand the nature and physical properties of the sub-mm galaxy 
population, there is a need for multi-frequency follow-up data (at X-ray, opti- 
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cal, IR, FIR and radio wavelengths) providing valuable information about the 
galaxy morphology, age, kinematics, dynamics, stellar and gas content, and 
possible presence of a buried (or heavily-obscured) AGN in the host galaxy. 

3.1 Optical and IR imaging 

The searches for the optical and IR counterparts of sub-mm galaxies have en- 
joyed different levels of success which reflects the diversity of their properties 
(Ivison et al. 2000), and led Small et al. (2002) to propose a broad classifica- 
tion scheme (class 0, 1 , 11 ). In some cases (e.g. Ledlow et al. 2002; Small et 
al. 2003a) bright class 11 (typically red) host galaxies have been found at both 
optical and IR wavelengths (/ < 25, 7F ~ 18.5 — 21), whilst other searches 
have only yielded positive results when deeper optical and/or IR follow-up ob- 
servations have been made, detecting class 1 (Lutz et al. 2001) or intermediate 
class 1-11 counterparts (Prayer et al. 2003). An extreme example is the coun- 
terpart to HDF850. 1 (Hughes et al. 1998), the brightest sub-mm source in the 
northern Hubble Deep Field, which avoided detection for many years despite 
the wealth of multi-wavelength data. Dunlop et al. (2002) finally identified and 
associated an extremely faint red and optically invisible (class 0) host galaxy 
(/ > 28.7, K = 23.5) with HDF850.1. Not only is this counterpart inac- 
cessible to optical and IR spectroscopic observations, but follow-up imaging 
to these depths can only be conducted over limited areas (< 1 deg^). A K- 
band study by Prayer et al. (2003) finds a median magnitude iP = 22 ± 1 for 
the sub-mm population identified in the SCUBA Cluster Lens Survey. Only 
3/15 sub-mm sources do not have an IR counterpart (K > 23). Prayer et 
al. argue therefore, that, in the absence of radio detection, IR colour selection 
(J — K > 3) can also help identify the counterparts to sub-mm galaxies. 

3.2 Radio and millimetre interferometric imaging 

The high-resolution and sub-arcsec positional accuracy of radio and mm-A in- 
terferometric observations have certainly assisted the majority of the identifica- 
tions of the optical and/or IR counterparts (e.g. Prayer et al. 2000). For exam- 
ple, the radio follow-up observations of the sub-mm surveys in the ELAIS N2 
and Lockman Hole fields (Scott et al. 2002; Fox et al. 2002) detected 60 and 
70%, respectively, of the sub-mm sources with 1.4 GHz fluxes (5 cj) > 45/rJy 
and > 25/rJy (Ivison et al. 2002). At these depths, given the low surface- 
density of radio-sources, the detection of a 5fj radio-peak within a few arscecs 
of a sub-mm source makes a convincing case for a genuine association, and 
can lead to an attempt to gain an optical spectroscopic redshift (e.g. Chap- 
man et al. 2003). SMM0443 1-1-02 10 provides a counter-example of a sub-mm 
source without a radio detection (3<r < 70^Jy at 1.4 GHz), whilst in this in- 
stance the strong IR counterpart (K = 19.4) provided the key to measuring 
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the rest-frame optical redshift (Prayer et al. 2003). If, however, the value of 
the radio detection is not only to provide an accurate position, but also to help 
constrain the photometric redshift (§4), then the accuracy and calibration of the 
extracted radio fluxes must also be considered. Using the same example, the 
fraction of sub-mm sources with significant {S/N > 3) 1.4 GHz radio-fluxes 
in the ELAIS N2 and Lockman Hole surveys reduces to 40-50%. 

Since the above 1 .4 GHz surveys already represent some of the deepest radio 
observations it will not be easy (until the completion of the e-VLA and e- 
Merlin) for future radio observations to keep pace with the rapid increase in 
depth and area (~ lOdeg^) of the next generation of confusion-limited sub- 
mm surveys (§4). Aretxaga et al. (2003) demonstrated that future radio surveys 
must reach a 5 cj sensitivity of 5-8/iJy at 1.4GHz if ~80% of the bright sub- 
mm population (> 6mJy at 850/rm, or > 2mJy at 1.1mm) are expected to 
have a radio counterpart with a valid measurement of the flux density. 

3.3 X-ray, optical, IR and CO spectroscopy 

There has been considerable effort to obtain (rest-frame) spectroscopic z's for 
the optically-bright (/ < 26) sub-mm galaxies (e.g. Chapman et al. 2003). At 
the time of this conference (June 2003) only 14 blank-field sub-mm galax- 
ies had spectroscopic redshifts. More recently. Small et al. (2003b) - see 
their Fig.3 - presented the spectroscopic-z distribution for 41 sub-mm galaxies 
which have a median redshift of z ~ 2.3, and 50% of the sources are found in 
the range 1.9 < z < 2.6. From these optical spectra it has also been possible to 
measure the fraction of AGN (10-20%) hosted in a sub-mm galaxy (Barger et 
al. 1999b; Small et al. 2000). Recent results from the spectral analysis of the 2 
Ms Chandra Deep Field North (Alexander et al. 2003), however, suggest that 
a higher fraction (~ 50%) of sub-mm galaxies host heavily obscured AGN 
(observed only in hard X-rays). Considering the depth of the 2 Ms Chandra 
survey that was required to make the sub-mm-X-ray connection, and the fact 
that the X-ray AGN spectra generally show Compton-thin absorption, lends 
further support to the argument that star formation processes (and not AGN) 
dominate the high bolometric luminosities. 

In some cases for which a rest-frame optical spectroscopic z’s exists (e.g. 
Chapman et al. 2003; Frayer et al. 2003), CO receivers, operating at ~ 
90 GHz (with bandwidths of Az^ ~ 1 — 0.5 GHz, which provides a range 
Az ~ 0.02 — 0.06 at z ~ 2 — 4), can be tuned to detect the molecular gas 
component in these high-z sources. As anticipated, the CO observations indi- 
cate that the sub-mm galaxies are massive gas-rich systems with sufficient fuel 
{Mh2 10^*^ — IO^^Mq) to drive the high-levels of star-formation suggested 
by their rest-frame FIR luminosities (e.g. Frayer et al. 1999; Neri et al. 2003; 
Genzel et al. 2003). These CO detections do not come cheaply - even after the 
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lengthy initial sub-mm, radio, optical and IR imaging and spectroscopic obser- 
vations, the confirmation of each optical redshift currently takes 15^0 hours. 
Partly as a result of the required sensitivity and limited receiver bandwidth, 
only 5 published CO detections, and hence only 5 confirmed optical redshifts 
(in the range z ~ 2.4 — 3.3), exist for sub-mm galaxies. 

There is a natural bias towards the optical spectroscopic detection of lower-z 
(unlensed) sources. The path of (i), initial sub-mm detection, to (ii), radio iden- 
tification, to (iii), optical and IR imaging and association with the faint radio- 
source, and finally (iv), to optical spectroscopy and then to CO spectroscopy, 
breaks down at redshifts > 3 when the level of radio emission drops below 
even the deepest detection thresholds. This selection bias, which explains the 
redshift cut-off (upper-quartile z ~ 2.6) observed in the sub-mm galaxy pop- 
ulation (Chapman et al. 2003; Smail et al. 2003b), prevents the identifica- 
tion of the highest-z sub-mm sources and hence the objects that would present 
the most extreme test of galaxy formation models. The incompleteness in the 
spectroscopic redshift distribution (> 30%, consisting of galaxies at 2 ; > 3) is 
highly dependent on the prediction from the imprecisely-known evolutionary 
model for the sub-mm population. This same uncertainty in the evolutionary 
model is one of the reasons the upper-bound of the redshift distribution, deter- 
mined from photometric colour information (§4), is still poorly constrained. 

4. Measuring the evolutionary history of sub-mm galaxies 

The initial SCUBA and MAMBO surveys are too small to measure the clus- 
tering properties of the sub-mm population on scales > Mpc. The neces- 
sity for larger-area surveys, and more broad-band spectral information (par- 
ticularly at 90-500/im) is obvious. Future sub-mm surveys from balloon- 
borne (BLAST), airborne (SOFIA), satellite (SIRTF, ASTRO-F, Herschel) and 
ground-based facilities (JCMT, CSO, IRAM, GBT, LMT, APEX) will map 
significant areas of the FIR - mm sky to their respective confusion-limits, pro- 
ducing larger samples (~ 10^ — 10®) of luminous starburst galaxies. Higher 
resolution experiments (SMA, CARMA, IRAM PdB and ALMA) will pro- 
vide the more detailed studies over restricted fields. Thus, whilst there have 
been advances in the number of spectroscopic redshifts (assuming the associ- 
ations to be correct), there remains a growing need for an alternative efficient 
and independent measurement of the redshift distribution for large numbers of 
sub-mm galaxies; one that does not depend on the security of the faint optical 
or IR identification, or the necessity for a prior radio-detection. 

4.1 Photometric redshifts at sub-mm wavelengths 

This “redshift deadlock” hinders the development of models to explain the 
evolutionary history of sub-mm galaxies since, without redshifts, one cannot 
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derive robust measurements of the rest-frame FIR luminosities and SFRs, or 
describe the 3-dimensional clustering distribution for this optically-obscured 
population. There has been considerable effort in assessing whether broad con- 
tinuum features in the spectral energy distributions (SEDs) of sub-mm galaxies 
at rest-frame mid-IR to radio wavelengths can provide photometric-redshifts 
with sufficient accuracy (Hughes et al. 1998, 2002; Carilli & Yun 1999; Barger 
et al. 1999b; Small et al. 2000; Yun & Carilli 2000; Rengarajan & Takeuchi 
2001; Aretxaga et al. 2003; Wiklind 2003). 

Monte-Carlo simulations (which take into account observational and calibra- 
tion errors) showed that photometric redshifts can be measured from future 
250, 350 and 500^m BLAST (www.chilel.physics.upenn.edu/blastpublic) and 
HerscheFSPIRE surveys with an accuracy of 5z < 0.5 (Hughes et al. 2002). 
The addition of longer-A sub-mm and radio data for individual galaxies can 
reduce this redshift uncertainty (and is one of the reasons to combine 850/rm 
SCUBA data and BLAST data in the SCUBA Half Degree Extragalactic Sur- 
vey (SHADES - www.roe.ac.uk/ifa/shades). Aretxaga et al. (2003) applied a 
similar analysis to the catalogues of sub-mm galaxies in completed SCUBA 
surveys, and derived photometric z’s for individual sources using their exist- 
ing ground-based radio-sub-mm data. The results of this latter work, and other 
studies (Smail et al. 2002; Ivison et al. 2002), was a redshift probability dis- 
tribution for the sub-mm galaxy population which places the majority of the 
sources at 2 < 2 ; < 4, with a median redshift 2 ; ~ 3 - a result that is to sim- 
ilar to the spectroscopic measurements (§3). Wiklind (2003) concluded that 
even greater accuracy was possible (dz ~ ±0.3), based on just the 450/850;um 
flux ratio, although the range of EIR and radio properties in the adopted SED 
templates was narrower - which raises an important point. 

There is an intrinsic level of degeneracy between the temperature of the dust 
emission (or shape of the EIR SED) and the photometric 2 ;, in the sense that hot 
high- 2 ; sources will have the same observed colours as cold low- 2 ; sources. This 
has led Blain et al. (2003) to argue that, unless a strong luminosity-temperature 
relationship exists for the sub-mm population and the galaxies used to calibrate 
the technique, then photometric redshifts will have insufficient accuracy to be 
useful. These issues will be undoubtedly be revisited until there exist a suffi- 
cient number of robust (optical or CO) spectroscopic redshifts, and sensitive, 
accurately calibrated rest-frame EIR-sub-mm data for the same targets. Only 
then can we really understand the biases in the method and determine whether 
the derived photometric redshifts are useful, and if they can be used to constrain 
the statistical properties of the sub-mm population. 
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4.2 Measuring spectroscopic-z’s at millimetre A’s 

The primary observational goal of BLAST (Balloon-borne Large Aperture 
Submm Telescope) is to conduct large extragalactic surveys (~ 1 — 10 deg^) 
at 250, 350 and 500/rm (from 2004 onwards) and provide accurate source- 
counts, photometric-redshifts and star formation rates for luminous sub-mm 
galaxies (Lfir > 3 x IO^^Lq). The mapping speed (Hughes et al. 2002) 
is sufficient to detect ~ 30 sources/hr at the extragalactic confusion limit of 
20-30 mJy (see fig.23 in Blain et al. (2002) for comparison with other experi- 
ments). BLAST expects to detect > 5000 high-z sources in a 10-15 day flight, 
significantly more than the total number of sub-mm galaxies (< 300) detected 
todate. The motivation for the extragalactic BLAST surveys (which is similar 
to that of SHADES) is to address 3 fundamental questions: (i) what is the cos- 
mic history of massive dust-enshrouded star formation activity; (ii) are high-z 
sub-mm sources the progenitors of massive present-day elliptical galaxies; (iii) 
what fraction of sub-mm sources harbour an heavily-obscured AGN. 

The advantage of having constrained photometric-redshifts from BLAST, or 
at least robust lower-limits, for large-numbers of individual sub-mm galaxies 
(some without optical, IR or radio counterparts), is that we can now deter- 
mine the likelihood that a redshifted rotational CO transition-line falls into 
the frequency range of a particular mm- wavelength spectral-line receiver. For 
example, in the case of the LMT, an ultra-wide-bandwidth receiver is un- 
der construction for operation in the 90 GHz window. With an instantaneous 
bandwidth Az/ ~ 35 GHz, this receiver is ideally suited to a search for red- 
shifted CO-lines. At z > 2.3, adjacent CO lines will be separated by ~ 
115GHz/(l + z) < 35 GHz, and thus, given enough sensitivity, the detection 
of at least one CO line is guaranteed. The presence of significant masses of 
molecular gas in a few high-z sub-mm galaxies has already been demonstrated 
(§3), but only after an accurate optical redshift had been previously obtained. 
The obvious advantage of the ultra-wide-band receivers is that an accurate red- 
shift is not needed in advance of the CO observations. Although the detection 
of one CO-line in the 90 GHz window is insufficient to determine a redshift, 
it will still allow other narrower-hand receivers on the LMT or 100-m GBT to 
tune and then search for additional CO-transitions at higher or lower frequen- 
cies. If any of the sub-mm sources lie at z > 6 then two CO-lines in principle 
can be detected in the 90 GHz window, providing an immediate measure of the 
true z. The recent detection of CO(3-2) in a quasar at z = 6.42 (Walter et al. 
2003) proves the existence of large masses (2 x 10^*^ Mq) of molecular gas in 
the early Universe which is available to fuel an AGN, and/or the violent (and 
possibly dust-obscured) bursts of massive star formation during the first stages 
of galaxy evolution. To conclude, the diversity of the future multi-wavelength 
data will answer some of the outstanding cosmological questions. 
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Abstract We report on a deep near-infrared survey of submillimeter galaxies (SMGs) us- 
ing the Near Infrared Camera (NIRC) on the Keck I telescope. Of the 15 back- 
ground submillimeter sources in the SCUBA Cluster Lens Survey, 12 have can- 
didate A— band counterparts to A ~ 23 with a lensing-corrected median of 
(K) = 22 ± 1 mag. For SMCs with accurate radio and/or millimeter positions, 
the median NIR color is {J — K) = 2.6 mag. Bright SMCs {K < 19 mag) 
show normal colors around J — A ~ 2 mag and fainter ones are redder. We 
propose that the J — K color may indicate likely SMG counterparts that are 
too faint to be found at optical and/or radio wavelengths. The surface density of 
J — K > 3 mag sources indicates they are more numerous than Ssso/jm > 2 
mjy SMGs and could either represent the faint end of the SMG population or a 
distinct class of high redshift galaxies. This ambiguity will be clarified by SIRTF 
observations of the rest-frame near-IR emission from this faint red galaxy popu- 
lation. 

Keywords: galaxies: active — evolution — formation — starburst 

1. Introduction 

Observations with SCUBA have uncovered a large population of high redshift 
submillimeter (submm) galaxies (SMGs), but identifying their counterparts at 
shorter wavelengths is difficult due to confusion given the large beam size at 
850/rm (e.g., Smail, Ivison, & Blain 1997; Hughes et al. 1998; Barger et al. 
1999; Smail et al. 2002). The sub-arcsec accuracy provided by radio observa- 
tions allows for the identification of counterparts, but only for the bright SMG 
population (Chapman et al. 2002). 

Instrumental sensitivity at near-IR (NIR) wavelengths is significantly better 
than at optical for a red galaxy SED and, as such, we have investigated the vi- 
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Figure 1. NIRC 16” x 16” J— and A'— band images of one of the 15 targeted fields of the 
SCUBA Cluster Lens Survey (Small et al. 2000), where contours start at +5o- and increase by 
factors of 2. The source H5 is the reddest NIR galaxy known to date, with J — K > 4.9. 



ability of using the J — K color to identify SMG counterparts. Using the Near 
Infrared Camera (NIRC) on the Keck I telescope, we have imaged fields from 
the SCUBA Cluster Lens Survey (Small et al. 1997, 2002) to a depth compa- 
rable to the deepest existing AT— band observations {K ~ 23.5; Totani et al. 
2001a, b; Franx et al. 2003), ~ 100 times deeper than previous iC— band ob- 
servations in siihmm fields. We observed in both J— and iC— bands for sources 
with candidate iC— band counterparts, and observed deeper at iC— band in 
fields wifh no clear counferparfs fo search for fainfer sources (e.g.. Prayer ef al. 
2000). Of fhe 15 fargefed fields, 12 have 3fj AT— band candidate counterparts; 
fhe resf are blank fo AT ~ 23.5 mag. Seven SMCs have confirmed counferparfs 
based on inferferomefric observafions (e.g.. Prayer ef al. 2000; Small el al. 
2000; Ivison el al. 2000). We have idenlified anolher 5 possible counferparfs 
based on red J — K colors. Figure 1 shows one of fhe possible counterparts 
idenlified from ils red J — K color. The dala are described in more defail in 
Prayer el al. (2003). 

Hq = 70 km s“^ Mpc“^, Um = 0.3, and = 0.7 are assumed Ihroughoul. 

2. NIR Properties of Submillimeter Galaxies 

Figure 2 shows fhe pholomefry resulls from fhe survey. Galaxies in fhe fore- 
ground clusters {z < 0.4) have lypical colors of J — A' < 1.6 mag, while 
background galaxies al z > 1 have colors of J — A' > 1.5 mag (Tolani el al. 
2001b). Brighl SMGs (K < 19.5 mag) are bluer by > 1 mag lhan fainter 
SMCs which show very red colors of J — AT >3 mag. The reddesl source in 
fhe sample wifh J — K > 4.9 mag (3 cj) is fhe reddesl NIR galaxy known lo 
date (see Figure 1). These red galaxies are nol dislribuled uniformly along fhe 
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K mag 



Figure 2. J — K color versus /I'— band magnitude for 339 detected sources in 12 SMG fields. 
Confirmed and candidate SMG counterparts are denoted by large and small solid symbols, re- 
spectively, while arrows indicate limits. The dashed line represents the survey limits. 



reddening vector, so extinction may not fully account for the observed distri- 
bution. If we assume these galaxies lie at z ~ 2.5 (Chapman et al. 2003), their 
colors could be explained by 2 to 3 magnitudes of visual extinction. 

Taking into account the several undetected SMGs, we find a likely median 
magnitude of {K) = 22 ± 1 mag. At z ~ 2.5 this implies an unobscured 
absolute magnitude of Mr = —21.5 mag, comparable to that found for local 
IRAS 1 Jy ULlRGs (Mr = -21.9 or 1L*\ Kim, Veilleux, & Sanders 2002). 
The median NIR color of the 6 confirmed SMG counterparts is J — A' = 
2.6 mag, or rest frame U — R ^ 1.2 mag, again comparable to that found for 
local ULlRGs. Gaussian fitting to the AT- band images indicates SMG sizes 
from < 0.5 to 2.1 arcsec, similar to the sizes observed for the central regions of 
ULlRGs (Surace et al. 1998; Scoville et al. 2000) and bulges of disk galaxies. 
A number of SMGs show multiple components indicative of merger activity. 
These results suggest that SMGs are (1) similar to ULlRGs in their optical 
properties and morphologies, (2) may be a formative phase for the bulges of 
normal galaxies or the cores of massive ellipticals (Lilly et al. 1999), and (3) 
are consistent with > M* galaxies. 
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3. Faint Red J — K Galaxies 

Correcting for lensing, we find a. J — K >3 mag source density of 5 arcmin”^ 
to iC ~ 22.5, 5 times higher than that found in blank-field surveys to similar 
depths (Totani et al. 2001a, 2001b; Franx et al. 2003) and biased upward since 
we are targeting fields containing SMGs. Excluding all such red sources from 
within 10" of the 850/im position, the source density decreases to 2 arcmin~^. 
Strong SCUBA detections (> 5fj) have 850/um positions known to within ±6", 
implying a chance coincidence rate with a J — K > 3 mag source of 1%. 
Consequently, J — K>3 mag sources are likely counterparts if they lie within 
~ 5" of the 850/rm position. 

We confirm the result from blank-field surveys that extremely red galaxies be- 
come numerous at fainter magnitudes, and may dominate the star formation 
activity at high redshift if they are moderately luminous (L ~ 10^^ Lq). Alter- 
natively, these sources could be very faint sources at z > 2.5 or even luminous 
LBG-type galaxies at z > 10 (Dickinson et al. 2000). SIRTF IRAC and MIPS 
observations should clarify the status of these extremely red galaxies. 
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Abstract I present various simulations of an on-going large sub-mm survey, SHADES, 
showing how constraints can be put on galaxy formation models and cosmology 
from this survey. 

Keywords: galaxy formation, large-scale structure, cosmology 

1. Introduction 

An important problem with most current galaxy formation models is how to 
establish whether a set of model parameters that produces a good match to 
observations is unique, as there are likely to be degeneracies amongst the var- 
ious free parameters of the model. As most useful observational data used 
to constrain the model parameters are obtained from our local universe, this 
‘uniqueness problem’ can be resolved by comparing model predictions and 
observations at high redshift, which in many respects is independent from a 
comparison at low redshift. Specifically, the SCUBA half-degree extra-galactic 
survey (SHADES for short; see http://www.roe.ac.uk/ifa/shades for 
details) will provide highly valuable observational data for this purpose. 

2. A new wide-area sub-mm survey: SHADES 

SHADES is a major new extragalactic survey with SCUBA, the “Submillimetre 
Common-User Bolometer Array” (Holland et al. 1999), covering 0.5 sq. de- 
grees to a 4cj detection limit of = 8 mJy. The data from SCUBA will be 
supplemented with data from BLAST, a “Balloon-borne Large-Aperture Sub- 
millimeter Telescope” (Devlin 2001), which will undertake a series of nested 
extragalactic surveys at 250, 350 and 500 /rm. 
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This wide-area survey will yield a substantial (~ 200) sample of bright uncon- 
fused sub-mm sources with meaningful redshift estimates {5z ~ ±0.5). The 
survey is designed to answer three fundamental questions. What is the cos- 
mic history of massive dust-enshrouded star-formation activity ? Are SCUBA 
sources the progenitors of present-day massive ellipticals ? What fraction of 
SCUBA sources harbour a dust-obscured AGN ? 

The crude but near-complete redshift information provided by BLAST is suf- 
ficient to answer the second question provided the survey covers sufficient 
area and contains enough sources to measure the clustering of bright sub-mm 
sources on scales up to ~10Mpc. 

3. Modeling the high-redshift sub-mm population 

The assumption made here is that the bright sub-mm sources seen by SCUBA 
are dust-enshrouded starburst galaxies, as most show no direct evidence for 
AGN activity (Almaini et al. 2003). Simulating SHADES is thus best done 
using a phenomenological galaxy formation model, from which lightcones are 
constructed for all galaxies with an 850 /rm flux over 8 mJy. 

The merging history of galaxy haloes is taken directly from N-body simula- 
tions, which use special techniques to prevent galaxy-scale haloes undergoing 
‘overmerging’ owing to inadequate numerical resolution (van Kampen 1995). 
When haloes merge, a criterion based on dynamical friction is used to decide 
how many galaxies exist in the newly merged halo. The most massive of those 
galaxies becomes the single central galaxy to which gas can cool, while the 
others become its satellites. 

When a halo first forms, it is assumed to have an isothermal-sphere density 
profile. A fraction of fhis is in fhe form of gas al Ihe virial lemperalure, 
which can cool lo form slars wilhin a single galaxy al fhe cenlre of fhe halo. 
Energy oulpul from supernovae reheals some of fhe cooled gas back lo fhe hoi 
phase. Each halo mainlains an infernal accounl of fhe amounls of gas being 
Iransferred belween fhe Iwo phases, consumed by fhe formation of slars, and 
losl lo Ihe environment 

The model includes Iwo modes of slar formation: quiescenl slar formation 
in disks, and slarbursls during merger evenls. The evolution of Ihe melals is 
followed, because fhe cooling of Ihe hoi gas depends on melal conlenl, and a 
stellar population of high melallicily will be much redder lhan a low melallicily 
one of Ihe same age. Il is laken as eslablished lhal Ihe population of brown 
dwarfs makes a negligible conlribulion lo Ihe lolal stellar mass density, and Ihe 
model does nol allow an adjuslable M/L ratio for Ihe stellar population. 

The 850 /rm flux is assumed lo be direclly proportional lo Ihe slar formation 
rate, wilh an 8 mJy flux corresponding lo 1000 solar masses per year. The rela- 
tion is laken lo be fuzzy, so lhal a random amounl of flux (amounting lo aboul 
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Figure 1. The three columns of panels represent results from three different galaxy formation 
models, which mainly differ in how stars form (as indicated at the top). The top row shows 
a single realization of a mock SHADES, with the size of the dots corresponding to the flux of 
each source. The middle row shows the angular correlation functions for these maps, whereas 
the bottom row displays the redshift distribution of the sources. Differences in these predictions 
can be clearly observed. 



25 per cent) is added/subtracted to reflect differences in dust temperatures and 
grain sizes which are not yet modeled. 

4. Predictions for three different models 

Using the phenomenological galaxy formation model described above, three 
different mock sub-mm surveys resembling SHADES were produced. These 
models only differ in their star formation laws, in that one model has most stars 
forming quiescently in disks, one has most stars forming in merger-induced 
starbursts, and the remaining model has a mix of both. The resulting maps 
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and predictions for the angular clustering and redshift distribution are shown 
in Fig. 1. 

While the number counts are similar (not shown), the clustering properties, and 
to a lesser extent the redshift distributions, are clearly different for these real- 
izations. It seems that the clustering strength depends on which star formation 
mode dominates, with the burst model yielding relatively strong clustering, 
and the quiescent model showing very little clustering. It has to be noted that 
there is a fairly large spread in predicted clustering strengths for different re- 
alizations of the same model, mainly due to cosmic variance. Still, the trend 
remains visible after considering 50 realizations for each model. The way for- 
ward is to make optimal use of combining the difference in the clustering and 
the redshift distribution. This work is currently in progress (van Kampen et al. 
2003). 

5. Conclusions and discussion 

The on-going large sub-mm survey SHADES has the potential to put signifi- 
cant constraints on galaxy formation models, and help resolve the uniqueness 
problem of such models due to the uncertainties in the assumptions, approx- 
imations, and choice of parameters. A potential problem is that of cosmic 
variance: even though SHADES is a the largest extragalactic survey ever un- 
dertaken in the sub-mm waveband, the total sky coverage is still much smaller 
than typically achieved in the optical wavebands. However, two factors work 
in our favour: the availability of (crude) redshift estimates for each of the 
sources, and the expectation that clustering of bright sub-mm galaxies is rela- 
tively strong (e.g. Percival et al. 2003, Scott et al. 2003, Webb et al. 2003, van 
Kampen et al. 2003). 
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Abstract We present a Bayesian technique, which uses a luminosity function prior, to 
calculate photometric redshifts for optically-obscured starburst galaxies. An ex- 
ample is compared with previous Monte Carlo simulations. 



Multi-wavelength measurements of the SEDs of local galaxies have led to the 
development of radio-(suh)mm-EIR colour indices in order to derive photo- 
metric redshifts for the population of dust-enshrouded starhurst galaxies iden- 
tified in the hlank-field SCUBA and MAMBO surveys (Hughes et al. 1998, 
2002; Carilli & Yun 2000; Yun & Carilli 2002; Wiklind 2003; Aretxaga et al. 
2003). The hland spectral features in the radio-EIR regime lead to a degener- 
acy between the colours and redshift (e.g. Blain et al. 2003). The inclusion 
of luminosity information breaks some of that degeneracy, and provides robust 
redshift estimates with uncertainties of A 2 ~ ±0.5 determined from Monte 
Carlo simulations. We present a continuation of our work (see also Hughes - 
these proceedings) which, instead of using simulated catalogues, provides an 
analytical expression for the redshift probability distribution, given observed 
data, and prior information - the luminosity function of mm galaxies. These 
calculations produce a higher resolution redshift probability distribution than 
the Monte Carlo technique in a fraction of the computation time. 

Given a set of flux density measurements S = {sj}, and some prior infor- 
mation I the redshift probability density function p{z\S, I) is factored using a 
general form of Bayes’ theorem in three variables: 

p{z\S,I) =p{S\z,I)p{z\I)/p{S\I) (1) 



*Partial funding for this work was provided by NSERC grant PGSB-253705-2002, CONACyT grants 
39953-F and 39548-F, INAOE, and the conference local organizing committee. 
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Figure 1. left panel: Simulated data at 1.2GHz, 850^m and 500/jm with 10% errors, for a 

galaxy with the same colours as M82 lying at z=2.5, scaled to an observed 850^m flux density 
of 8 mjy. Observed SED models {dashed: Arp220, dotted: M82, and dot-dashed: Mrk231) 
are over-plotted using the maximum likelihood models, right panel: Likelihood functions inte- 
grated over a for the three models. For this realization of the noise, the data is more consistent 
with the incorrect model (an Arp220-like SED at z ~ 1.5) than the true model (an M82-like 
SED at ^ ~ 2.5). 




Figure 2. left panel: The redshift prior evaluated at the maximum likelihood values of a for 
each model, as a function of z, illustrating the relative weighting to be applied to the likelihood 
functions, right panel: The Bayesian redshift probability distribution calculated from the prod- 
uct of the prior with the sum of the three likelihood functions, and then integrated over a (solid 
line). The weighted likelihood functions are plotted beneath the total distribution. Weighting the 
Arp220 model at lower redshift by the much weaker prior probability with respect to the M82 
model correctly assigns the maximum probability density to the correct redshift of 2 ; ~ 2.5. 
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The first term in the numerator is the likelihood function. In the absence of 
prior information, the likelihood is the probability of measuring S given an 
object at redshift z. Maximizing this function through model fitting yields 
the maximum likelihood solution. This solution does not however identify the 
best model from the set of all models with which the data are consistent. If 
some other information is known beforehand, the second prior term in the 
numerator can include an appropriate weight to the likelihood function to find 
the most probable solution. Ignoring the denominator in Eq. 1 which serves 
only as a normalization constant, a model for the observed SED is required to 
calculate the likelihood function, and a prior is constructed from the probability 
of observing an object with the luminosity of that model. 

The observed SED for mm galaxies is modeled by redshifting a rest-frame 
SED template tj{\) and multiplying it by a scale factor a, Si = atj{\i/{l + 
z)). Since si is determined completely from the model parameters, a standard 
likelihood function is constructed assuming independent Gaussian errors in the 
data, independently of the prior, of the formp(S'| 2 ;, tj, a). Using simulated data 
at three EIR-radio wavelengths, Eigure 1 illustrates this procedure for three 
different SED templates. 

The prior is constructed from the 60/rm luminosity function (Saunders et al. 
1990) which undergoes pure luminosity evolution as (1+z)^'^ for 0 < z < 2.2, 
and constant evolution for 2.2 < z < 10. Taking a as the 60/xm flux density 
of the model galaxy in the rest-frame: 

p{z,a\I) = {N{L{a, z), z) /NT){dL{a, z) /da) (2) 

where N{L, z) is the number density of objects as a function of 60^m lumi- 
nosity and redshift (the product of the evolving luminosity function and the 
differential volume element), Np is the total number of objects in the Uni- 
verse, and L(a, z) is the 60/im luminosity corresponding to the flux density a 
at redshift z. 

The Bayesian redshift probability is a function of tj and a. Assuming that the 
colours of any observed galaxy are represented by a unique template tj from a 
discrete SED library, the Bayesian redshift distribution may be written as the 
sum over all the marginal probabilities that the observed galaxy is simultane- 
ously at redshift z and belongs to each template class tj, and then integrate 
over a (see also Benitez 2000): 

p{z\S,I) = {l/p{S\I)) ( '^p{S\z,tj,a)p{z,a\I)da (3) 

3 

In Eigure 2 the best-fit model derived from the maximum likelihood analysis 
has been rejected in favor of the most probable model according to Bayesian 
inference, to obtain the redshift of the simulated galaxy. Although the lower 
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Figure 3. left panel: Observed data for the submm source Lockman Hole 850.1 and the most 
likely SED models using a library of 20 templates (eliminating models that exceed 3-cr upper 
limits), right panel: Comparison between a Bayesian photometric redshift distribution (dotted 
line) and a Monte Carlo simulation, using the same SED templates and luminosity function prior 
(Aretxaga et al. 2003). Both methods give qualitatively similar distributions centered about a 
peak probability of « ~ 2.5. 



redshift model is intrinsically dimmer for the same observed flux density (and 
would therefore seem favorable), the chance of observing it is much smaller 
than that of the brighter model at higher redshift, given the strong evolution 
of the luminosity function, and the greater differential volume sampled at that 
distance. 

A photometric redshift has been calculated for the blank-field submm source 
Lockman Hole 850.1 using a Monte Carlo simulation (Aretxaga et al. 2003). 
A direct comparison with a Bayesian prediction is provided in Figure 3. The 
clear advantage of the Bayesian probability distribution is that it may be eval- 
uated with arbitrary redshift precision, and furthermore it can be calculated in 
a few seconds, whereas the Monte Carlo simulation required several minutes. 
Clearly this order-of-magnitude improvement in execution time, and resolu- 
tion, make it the technique of choice for analyzing future surveys with thou- 
sands of (sub)mm sources. 
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Abstract The Phoenix Deep Survey (PDS) is a multiwavelength survey based on deep 
1 .4 GHz radio observations used to identify a large sample of star forming galax- 
ies to 2 = 1. Here we present an exploration of the evolutionary constraints on 
the star-forming population imposed by the 1.4 GHz source counts, followed by 
an analysis of the average properties of extremely red galaxies in the PDS, by 
using the “stacking" technique. 

Keywords: galaxies: evolution — galaxies: starburst — radio continuum: galaxies 

1. Introduction 

The study of galaxy evolution in recent years has included a strong focus on the 
star formation properties of galaxies. Many of these studies are based primarily 
on selection at ultraviolet (UV) and optical wavelengths, and are known to be 
strongly affected by obscuration due to dust. It has been shown that selection 
at these wavelengths results in samples of star forming systems that omit a sig- 
nificant fraction of heavily obscured galaxies 11. There have in addition been 
suggestions that the most strongly star forming systems suffer the most obscu- 
ration 1; 8; 3; 12; 7. Using radio selection to construct a star forming galaxy 
sample allows the detection of such systems, and the average obscuration in 
this case is significantly higher than in optically selected samples 1; 8. 

To identify a homogeneously selected catalogue of star forming galaxies, unbi- 
ased by obscuration effects, and spanning a broad redshift range (0 < z < 1), 
the Phoenix Deep Survey (PDS) uses a deep 1.4 GHz mosaic image, based on 
observations with the Australia Telescope Compact Array. This has been used 
to construct one of the largest existing deep 1 .4 GHz source catalogues 6 (see 
http://www.atnf.csiro.au/people/ahopkins/phoenix/) from which the star form- 
ing galaxy sample will be drawn. The PDS has already been highly successful 
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Figure 1. Likelihood contours in the (P, Q) plane, indicating the degeneracy between rates 
of luminosity and density evolution for star-forming galaxies. 




in providing a basis for several investigations of the nature of star forming 
galaxies and their evolution (see references in 6). Throughout the present in- 
vestigation we assume a {VIm = 0.3, 17a = 0.7, Hq = 70) cosmology. 

2. 1.4 GHz source counts and models 

The PDS 1.4 GHz source counts have already been explored in detail 6. Here 
we explore source count models based on local luminosity functions (LFs) and 
their assumed forms of evolution. We assume an evolving LF for AGNs 5 
(converted to our assumed cosmology), since we are interested here in explor- 
ing the properties of the star-forming (SF) galaxies. We then use a measured 
local 1.4 GHz LF for SF galaxies 10, and compare the observed source counts 
with the model predictions subject to a range of both luminosity evolution, 
L{z) oc (1 -|- z)^, and density evolution, (j){z) oc (1 -|- z)^, for the SF popu- 
lation. The estimator for each combination of (P, Q), gives the statistical 
likelihood, and contours showing the region of maximum likelihood in the 
(P, Q) plane are shown in Figure 1. There is a clear degeneracy, with maxi- 
mum likelihood occuring for any (P, Q) satisfying Q ^ 2.7 — 0.6 P (note that 
only positive (P, Q) have been considered in this analysis). This sort of degen- 
eracy has also been shown in investigations of optically selected galaxies 9. 
To illustrate the effect of the degeneracy. Figure 2 shows the predicted source 
counts compared with the observations for five (P, Q) pairs, indicated by the 
positions a-e in Figure 1. The redshift distributions predicted by these models, 
however, are significantly different, and photometric redshifts are now being 
utilised in order to differentiate between the different evolutionary models. 
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Figure 2. Observed 1 .4 GHz source counts compared with model source count predictions 
(solid lines). The models, while all predicting similar source count distributions, span a broad 
range of combinations for the luminosity and density evolution parameters. 



3. Extremely red galaxies 

A sample of over 400 extremely red galaxies (ERGs) has been compiled from 
PDS observations, using the colour criterion R—K > 5. Of these, about 20 are 
detected at 1.4 GHz, while the majority (over 90%) remain undetected. In an 
effort to understand more about the properties of these systems, the “stacking 
analysis" technique often used at X-ray wavelengths has been adopted. We 
extract sub-images from the radio mosaic at the location of the non-detected 
ERGs, and construct the weighted average of the sub-images (weighted by 
1/rms^, to maximise the resulting signal-to-noise, since the radio mosaic has a 
varying noise level over the image). Sub-images where low S/N emission (> 
1.5 <t) is present at the location of the non-detected source are excluded from 
the stacking, in order to avoid biasing the stacking signal result by the presence 
of a small number of low S/N sources. A further 22 (out of 399 candidate non- 
detected ERGs) were excluded in this manner, leaving 377 to contribute to the 
stacking signal. The stacked image, shown in Eigure 3, has an rms noise of 
1.1 /rJy, and 6 a detection at 6.5 fiJy. While the actual redshift distribution 
of these objects is unknown, a significant fraction of ERGs appear to be dusty 
starbursts at z ^ 1 11. Assuming that the average redshift of these sources is 
z « 1, the inferred average ERG 1.4GHz luminosity is 3.5 x 10^^ WHz“^. 
This corresponds to an average star formation rate (assuming the ERGs are all 
star- forming systems) of 20 Mq yr~^ (adopting the recent calibration of Bell 
2003 2; this value doubles if the calibration of Condon 1992 4 is used). Clearly 
these results rely on a large number of assumptions, but they serve the useful 
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Figure 3. Stacked image, incorporating 377 ERO candidates, from the PDS radio mosaic. 
The image rms is about 1.1 ^Jy, and the stacked signal is detected at « 6 cr with a flux density 
of 6.5 ^Jy. 

purpose of providing a preliminary estimate for the average properties of these 
systems in order to support proposals for further, more detailed investigation. 
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1. The model 

We present a detailed, physically grounded, model for the early co-evolution 
of spheroidal galaxies and of active nuclei at their centers. The model is based 
on very simple recipes, that can be easily implemented. The main components 
and the transfer processes accounted for are depicted in Fig. 1 , while we de- 
fer to Granato et al. (2004) for a full description. In summary, we start from 
the diffuse gas within the dark matter halo falling down into the star forming 
regions at a rate ruled by the dynamic and the cooling times. Part of this gas 
condenses into stars, at a rate again controlled by the local dynamic and cool- 
ing times. But the gas also feels the feedback from supernovae and from active 
nuclei, heating it and possibly expelling it from the potential well. Also the 
radiation drag on the cold gas decreases its angular momentum, causing an in- 
flow into a reservoir around the central black hole. Viscous drag then causes 
the gas to flow from the reservoir into the black hole, increasing its mass and 
powering the nuclear activity. Among the most novel point of our work with 
respect to other semi-analytic approaches, we point out the treatment of the 
evolution of QSO activity in the forming spheroids, and of the resulting effects 
on galaxy evolution. 

2. Results 

In the shallower potential wells (corresponding to lower halo masses and, for 
given mass, to lower virialization redshifts), the supernova heating is increas- 
ingly effective in slowing down the star formation and in driving gas outflows, 
resulting in an increase of star/dark-matter ratio with increasing halo mass. As 
a consequence, the star formation is faster within the most massive halos, and 
the more so if they virialize at substantial redshifts. Thus, in keeping with 
the proposition by Granato et al. (2001), physical processes acting on baryons 
effectively reverse the order of formation of galaxies compared to that of dark- 
matter halos. 
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Figure 1. Scheme of the baryonic components included in the model (boxes), and of the 
corresponding mass transfer processes (arrows). 



A higher star-formation rate also implies a higher radiation drag, resulting in 
a faster loss of angular momentum of the gas (Umemura 2001) and, conse- 
quently, in a faster inflow towards the central black-hole. In turn, the kinetic 
energy carried by outflows driven by active nuclei through line acceleration is 
proportional to and this mechanism can inject in the interstellar medium 

a sufficient amount of energy to unbind it. The time required to sweep out 
the interstellar medium, thus halting both the star formation and the black- 
hole growth, is again shorter for larger halos. For the most massive galaxies 
(Mvir ~ 10^^ Mq) virializing at 3 Zvir ~ 6, this time is < 1 Gyr, so that the 
bulk of the star-formation may be completed before type la supernovae can sig- 
nificantly increase the Fe abundance of the interstellar medium; this process 
can then account for the a-enhancement seen in the largest galaxies. 

The interplay between star formation and nuclear activity determines the re- 
lationship between the black-hole mass and the mass, or velocity dispersion, 
of the host galaxy, as well as the black-hole mass function. As illustrated by 
Figs. 2 and 3, the model predictions are in excellent agreement with the ob- 
servational data. A specific prediction of the model is a substantial steepening 
of the Mbh-u relation for a ^ 150 km s“^: the mass of the BH associated to 
less massive halos is lower than expected from an extrapolation from higher 
masses, because of the combined effect of SN heating, which is increasingly 
effective with decreasing galaxy mass in hindering the gas inflow towards the 
central BH, and of the decreased radiation drag. 

The ratio between QSO and SNae feedback is an increasing function of the 
mass. At low mass the cumulative effect of QSO is almost negligible with re- 
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Figure 2. Predicted relationship between black-hole mass and line-of-sight velocity disper- 
sion of the host galaxy for different virialization redshifts. 




Figure 3. Predicted local black-hole mass function compared with the recent estimate by 
Shankar et al. (in preparation). The total mass density in BHs they derive is pbh — 4 x 
lO®M 0 Mpc“®, 25% less than our model. The decline of the model at low Mbh is due to 
having considered only objects with Mvir > 2.5 x lO^^M©. 



sped to that of SNae, but it becomes dominant at intermediate mass (typically 
by a factor of a few) and high mass (by a factor ^ 10). Note that the QSO 
effect usually increases exponentially with time, while that of SNae increases 
more slowly. Thus the instantaneous QSO effect becomes dominant, if ever, 
only a few e-folding times before the maximum of QSO activity. 
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Coupling the model with GRASIL (Silva et al. 1998), the code computing in 
a self-consistent way the chemical and spectrophotometric evolution of galax- 
ies over a very wide wavelength interval, we have obtained predictions for 
the sub-mm counts and the corresponding redshift distributions as well as for 
the redshift distributions of sources detected by deep K-band surveys, which 
proved to be extremely challenging for all the current semi-analytic models. 
The results, shown by Fig. 4, are again very encouraging. 

The cosmic history of BH accretion, is in keeping with the common notion 
that quasar activity peaks at redshift 2-3. Also, the formation rate of spheroids 
derived in this paper is consistent with that we computed in Granato et al. 2001 
from a deconvolution of the high-z luminosity function of QSO. 





Figure 4. Left: predicted 850 /rm extragalactic counts compared with observed SCUBA 
counts. Right: predicted redshift distribution of galaxies brighter than K = 2Q compared with 
the results of the K20 survey 
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Abstract We present new determinations of the local sub-mm luminosity functions. We 
find the local sub-mm luminosity density converging to 7.3 ± 0.2 x 10^® 

W Hz“^ Mpc“® at 850^m solving the “sub-mm Olbers’ Paradox.” Using the 
sub-mm colour temperature relations from the SCUBA Local Universe Galaxy 
Survey, and the discovery of excess 450/rm excess emission in these galaxies, we 
interpolate and extrapolate the IRAS detections to make predictions of the SEDs 
of all 1541 1 PSC-z galaxies from 50 — 3000/im. Despite the long extrapolations 
we find excellent agreement with (a) the 90/im luminosity function of Serjeant 
et al. (2001), (b) the 850^m luminosity function of Dunne et al. (2000), (c) the 
mm- wave photometry of Andreani & Franceschini (1996); (d) the asymptotic 
differential and integral source count predictions at 50 — 3000/rm by Rowan- 
Robinson (2001). Remarkably, the local luminosity density and the extragalactic 
background light together strongly constrain the cosmic star formation history 
for a wide class of evolutionary assumptions. We find that the extragalactic 
background light, the 850/rm 8mJy source counts, and the D* constraints all 
independently point to a decline in the comoving star formation rate at 2 > 1. 



1. Introduction 

The evolution of the sub-mm galaxy population can be strongly constrained by 
the integrated extragalactic background light, the local multiwavelength lumi- 
nosity functions, and the source counts. The local 850/rm luminosity function 
was derived in the SCUBA Local Universe Galaxy Survey (SLUGS, Dunne et 
al. 2000) from their SCUBA photometry of the IRAS Bright Galaxy Survey. A 
curious aspect of their luminosity function was that the faint end slope was not 
sufficiently shallow for the local luminosity density to converge, which the au- 
thors referred to as the “sub-mm Gibers’ paradox”. This is a pity from the point 
of view of modeling the high redshift population, since the integrated extra- 
galactic background light is a key constraint. In order to find the expected flat- 
tening of the luminosity function slope at lower luminosities, the SLUGS sur- 

133 

M. Plionis (ed.), Multiwavelength Cosmology, 133 - 136 . 

© 2004 Kluwer Academic Publishers. Printed in the Netherlands. 



134 



MULTIWAVELENGTH COSMOLOGY 



vey is currently being extended with SCUBA photometry of optically-selected 
galaxies. Meanwhile, several authors have attempted to use the colour temper- 
ature - luminosity relation found in SLUGS to transform the 60/rm luminosity 
function to other wavelengths, and hence constrain the high-redshift evolution 
(e.g. Lagache, Dole & Puget 2003, Chapman et al. 2003). The discovery of an 
additional excess component at 450/rm (Dunne & Bales 2001) relative to their 
initial colour temperature - luminosity relation has not so far been included in 
such models. 

2. Models of PSC-z galaxies 

In this paper we take an alternative approach to determining the multiwave- 
length local luminosity functions. We model the spectral energy distributions 
(SEDs) of all 15411 PSC-z galaxies (Saunders et al. 2000), constrained by all 
available far-infrared and sub-mm colour-colour relations from SLUGS and 
elsewhere. This guarantees the correct local population mix at every wave- 
length and minimises the assumptions about the trends of SED shape with 
luminosity, and is sufficient to determine the 450/xm and 850/rm luminosities 
to better than a factor of 2 in individual galaxies. This predicted photometry 
is more than sufficient to determine local luminosity functions. Eor interpola- 
tions between these bands (e.g. predicted photometry from SIRTE, ASTRO-E, 
or Herschel) we express the SED as the sum of two (5 = 2 grey bodies, which 
the measured and/or predicted bands are just sufficient to determine uniquely. 
More details can be found in Serjeant & Harrision (2003). 




90/xm Luminosity Function 




L,„ (W Hz"‘ sr ■) 



Figure 1. Left: projected local 850/rm luminosity density from PSC-Z (error bars) assuming 
pure luminosity evolution of (1 + z)^, compared with the directly measurements from Dunne 
et al. (2000). Right: projected 90/rm luminosity function, compared to the direct determination 
of Serjeant et al. 2001 (shaded area). 
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3. Results 

There are few local galaxies with abundant multi-wavelength data to test our 
models, hut our models are consistent with the observed 1.25mm photome- 
try of Andreani & Franceschini (1996), the 175/rm ISO Serendipity Survey 
(e.g. Stickel et al. 2000, also demonstrating that the cool dust excess reported 
by Stickel et al. 2000 is identical to that reported by Dunne & Bales 2001), 
and the SLUGS galaxies with multi-wavelength data. The projected bright- 
end source counts are also in excellent agreement with source count models 
(Rowan-Robinson 2001). 





Redshift threshold 



Redshift threshold Zj 



Figure 2. Constraints on the parameterisation of the z ^ 2 cosmic star formation history. The 
definitions of the parameters A and zt are given in the text. The shaded regions show the 68% 
and 95% confidence regions (inner and outer region respectively) for A and zt, marginalised 
over B. These constraints are derived from only the extragalactic background light and our 
determination of the local spectral luminosity density. The dashed lines show the independent 
constraints from fl* = 0.003 ± 0.0009/i“^ (e.g. Lanzetta, Yahil, & Femandez-Soto 1996), and 
the full line shows the predicted 8mJy 850/rm source count constraint of N{> S) — 3202®qq 
deg“^ (Scott et al. 2002) assuming pure luminosity evolution. 



4. Discussion 

The PSC-z 850/im luminosity function is in excellent agreement with the direct 
determination of Dunne et al. (2000) and clearly shows the convergence in the 
luminosity density (fig. 1). Other interpolated luminosity functions can also 
be generated (fig. 1). The exfragalacfic background lighf depends only on 
fhese local luminosify densities and fhe cosmic sfar formation history, which 
we parameferise as p{z) / p{z = 0) = {1 + z)^ at z < zt, and (1 -|- zt)^B^~^* 
at z > Zt- Nof only do we obfain sfrong consfrainfs on fhe paramefers A, B, zt 
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(figs. 2 and 3) requiring a decline in comoving star formation rate si z > 1, 
but the 850/rm survey source counts and O* constraints both point to a similar 
constraint. To reconcile this with other constraints on the cosmic star formation 
history requires differential evolution in the sub-mm population and/or a top- 
heavy IMF at high-z. 



Extragalactic background light 




Cosmic star formation history 




Figure 3. Left figure shows the extragalactic background light (data from Lagache et al. 
1999) modelled by the cosmic star formation history described in the text. The data longward 
of 200/rm plotted as broken lines is the FIRAS spectrum: full line is whole sky, and dashed line 
is Lockman Flole only. Also plotted are the DIRBE data points, not included in our fitting. The 
smooth curves are models of this spectrum, corresponding to cosmic star formation histories 
plotted in the right hand figure. The full line is the global maximum likelihood fit, and the long- 
dashed line has the same parameters except an enhanced high-z star formation rate (B — 0.25) 
which is marginally inconsistent with the extragalactic background. The two short-dashed lines 
demonstrate selected alternative models: zt = 1 and zt ~ 2, both with A — 3 and B = 1. 
Note that in general the models with the higher star formation rates at z > 2 are also the models 
predicting the larger background at wavelengths A ~ 1mm (including in particular a comparison 
of the two short-dashed curves). In general, models with high volume-averaged star formation 
rates at z > 2 overpredict the sub-mm/mm-wave background. 
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Abstract In this paper we present the optical identifications of the 1 .4 GHz radio sources 
detected in the VIRMOS VLA Deep survey. Using optical (U, B, V, R and I) 
data, we found an optical identification for 718 of the 1054 radio sources. From 
the analysis of a color-colour diagram, we find that the median (V — I)ab colour 
of the galaxies which show radio emission is redder than the median {V — I)ab 
colour of the radio-quiet galaxies. This result suggests a higher redshift for 
the radio sources in comparison to the radio-quiet galaxies with similar optical 
magnitude at least in the magnitude slice 20< Iab <22. 

Keywords: Radio continuum, radio survey, cosmology 

1. Introduction 

Deep 1.4-GHz counts show an upturn below a few millijansky (mJy), corre- 
sponding to a rapid increase in the number of faint sources. However, despite 
many dedicated efforts (see for example Benn et al. 1993, Hammer et al. 1995, 
Gruppioni et al. 1999, Richards et al. 1999, Prandoni et al. 2001) the relative 
fraction of the populations responsible of the sub-mJy radio counts (AGN, star- 
bursts, late and early type galaxies), are not well established yet. 

The VIRMOS VLA Deep survey is one of the best available surveys to investi- 
gate the nature of the sub-mJy population. In fact, coupled with a 1 deg^ deep 
1.4 GHz radio data obtained with the Very Large Array down a 5 a flux limit 
of ~80 f,Jy (Bondi et al. 2003), a deep optical photometric survey is already 
available down to Bab ~26.5, Vab ~26.2, Rab ~25.9 , Iab ~25.0 (Mc- 
Cracken et al. 2003) and Uab ~24.75 (Radovich et al. 2003 in preparation) 
and a spectroscopic survey down to Iab ~24.0 is being performed with the 
VIMOS spectrograph at the VLT (see Le Levre et al., these proceedings). In 
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this paper we present the optical identifications of the VIRMOS radio sources 
obtained with the photometric data in the U, B,V,R and I bands. 

2. Optical properties of the radio sources 

2.1 Optical identification 

Almost the whole square degree of the VLA-Virmos Deep Field has been ob- 
served in the B,V,R and I bands with the CFH12K wide-held mosaic camera 
during the CFH12K- VIRMOS deep imaging survey, while a U band survey has 
been carried out with the wide held imaging (WFI) mosaic camera mounted 
on the ESO MPI 2.2 meter telescope at La Silla, Chile. The total effective 
area covered by the U band survey is ~0.73 deg^; 637 radio sources have U 
photometry. 

Fifty-seven of the 1054 radio sources in the complete radio sample are outside 
the B,V,R, I CCD area, while 24 radio sources are within the masked regions 
in the optical catalogue, since they are spatially coincident with bright stars or 
their diffraction spikes. 

The total number of radio sources for which optical data are available in the 
VIRMOS CCD catalogue is therefore 973. Using a Likelihood Ratio (LR) 
technique (see Ciliegi et al. 2003 for more details on the LR technique) we 
find 718 radio sources with a likely identification, 339 of which have also a U 
band counterpart. 

2.2 Magnitude distribution 

In absence of spectroscopic data, the magnitude and color distributions of the 
optical counterparts can be used to derive some information on the nature of 
faint radio sources. In Ligure 1 we show the magnitude distribution in the Iab 
bands of the optical counterparts of the radio sources as a filled histogram. The 
empty histogram shows the magnitude distribution of the whole data set. 

Lrom Ligure 1 it is clear that the magnitude distribution of the optical coun- 
terparts of the radio sources reaches a maximum at a magnitude well above 
our optical limiting magnitude, consistently with the fact that a large fraction 
(~74%) of the radio sources have an optical identification. A similar result has 
been obtained by Richards et al. (1999) in the identification of the //Jy radio 
sources in the Hubble Deep Lield region. Approximately 76% of the HDL ra- 
dio sources (84 out of 1 1 1) have been identified to 1=25 mag, with the bulk of 
the sample identified with relatively bright (I <22 mag) galaxies. 

2.3 Colour-colour diagrams 

In Ligure 2 we compare the optical colors ((U — I)ab vs . {B — V)ab) of 
the optical counterparts of the radio sources with those of the whole optical 
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Figure 1. Magnitude distributions in the Iab band for the optical counterparts of the radio 
sources (filled histogram) and for the whole optical sample (empty histogram). 




data set, in two different magnitude slices: 20< Iab <22 (left panel) and 
22< Iab <24 (right panel). 

As shown in Figure 2, the whole optical data set in the magnitude slice 20< 
Iab <22 (see McCracken et al 2003 for a detailed discussion) occupies two 
distinct loci, with a reasonably well defined separation between high (z>0.4) 
and low (z<0.4) redshift galaxies, while the radio sources seem to populate 
only the locus of the high redshift (z~0.4-0.5) galaxies. 

In the fainter magnitude slice (22< Iab <24; right panel of Figure 2) the 
colours are bluer than in the brighter magnitude slice both for the radio sources 
and the whole optical data set. Even if less evident from the figure, also in fhis 
magnifude slice fhere is a sfafisfically significanl difference befween fhe colour 
disfribufions of fhe radio sources and fhe radio quiel galaxies. Ifs inferprefa- 
fions, however, is less slraighlforward fhan in fhe brighter magnifude slice and 
will require a more defailed analysis of fhe full phofomefric dafa sef (Ciliegi 
el al. 2004 in preparalion). In fhis paper we will give a full descriplion of fhe 
phofomefric properlies of fhe radio sources in fhe VIRMOS VLA Deep Survey. 
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Figure 2. {V — I)ab versus {B — V)ab colours for the whole data set (small dots in the 
upper panels) and for the optical counterparts of the radio sources (hlled squares in the lower 
panels). The expected colours of early-type, Sa and She galaxies (solid, dashed, dot-dot-dot 
dashed lines, respectively) are shown as a function of redshift, up to z=l for 20< Iab <22 and 
up to z=3 for 22< Iab <24 
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Abstract 

We have carried out narrow band imaging targeted at the Lya line of emitters 
associated with radio galaxies at 2 < 2 < 5. Subsequent spectroscopy has 
confirmed the identity of > 120 Lya emitters and led to the discovery of six 
proto-clusters up to 2 = 4.1 with velocity dispersions between 300 and 1000 
kms“^. The number of emission line galaxies in the observed fields is four to 
fifteen times higher than in blank fields. These results strongly support the idea 
that high redshift radio galaxies are the progenitors of central brightest cluster 
galaxies located in the progenitors of clusters of galaxies. 



1. Introduction 

Observational studies of cosmological structures can never be complete with- 
out the full picture provided by multi wavelength explorations, but in the case 
of the search for very high redshift clusters or their progenitors the use of multi 
wavelength observations is particularly fruitful. The detection of galaxy ag- 
gregations using conventional optical and X-ray becomes difficult at z > 1 
due to the presence of many fore- and background objects and/or the surface 
brightness dimming of the extended emission. Several lines of observation in- 
dicate that powerful radio galaxies, as are found up to z = 5.2, are located 
within regions of high galaxy density. The technique of narrow band imaging 
can detect a group of emission line galaxies at a narrow high redshift range. 
Applying this technique to fields containing high redshift galaxies, we succeed 
to find galaxy groups af high redshifl. The groups will be used fo sfudy cluster 
progenitors, ifs galaxies and fhe massive radio galaxy hosfs. 
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2. Sample and observations 

We had initially selected ten high redshift radio galaxies (HzRGs, z > 2) from 
our compendium of about 150 z > 2 radio sources, many of which have been 
found in the Leiden survey of steep spectrum radio sources (Rettgering et al. 
1994; De Breuck et al. 2000). We have successfully observed six fields and 
during an extension of the program, also the field of the most distant known 
radio galaxy, at z = 5.19, bringing the total number of nights allocated to this 
VLT Large Program to twenty. The observing time was more or less evenly 
distributed over imaging and the subsequent multi object spectroscopy, both 
carried out with the FORS2 instrument. The detector of this instrument has a 
field of view of almost 7x7 arcminutes (about 3x3 Mpc at 2 ; > 2). For the 
two highest redshift sources custom narrow band filter were manufactured. For 
the others we have used available FORS filters. In the following, two observed 
fields will be described in more detail and a summary of the results of the 
program will be presented. 

3. Early results 

I: MRC 1138-262 at z = 2.16: This radio galaxy was the target of our pi- 
lot study carried out with FORSl at the VLT. It is exceptionally suitable as it 
manifests many of the properties which indicate a rich environment, namely 
the highest radio rotation measure in a sample of 80 HzRGs and a very dis- 
torted radio morphology (Carilli et al. 1997), a very clumpy UV morphology ( 
Pentericci et al. 1997), a large and luminous Lya halo (~ 150 kpc, Kurk et al. 
2000a), and extended X-ray emission (Carilli et al. 2002). In addition, its 
redshift of 2.16 is near the lower limit where detection of Lya emission with 
ground based facilities is possible. Narrow band imaging of the field of 1138- 
262 resulted in the detection of 50 candidate Lya emitters (LAEs, Kurk et al. 
2000b). Multi object spectroscopy of these candidates confirms the presence of 
a single emission line at the expected wavelength for fifteen objects (Pentericci 
et al. 2000). One of these is an AGN as shown by the broadness of its emis- 
sion line (FWHM ~ 6000 kms“^). The others seem to form two groups with 
velocity dispersions of ~ 200 and 400 km s“^(if regarded as one group the dis- 
persion is ~ 1000 kms“^). The volume density of LAEs is about four times 
higher than that measured for the blank field population of LAEs (Steidel et al. 
2000). In addition to the observations necessary to identify the LAEs, we have 
obtained imaging in a number of optical and infrared bands with EORS and 
ISAAC at the VLT, one of which is a narrow band filter in the NIR targeted at 
redshifted Ha emission of galaxies associated with 1138—262. Excess narrow 
band flux testifies the presence of 40 candidate Ha emitters in the field (Kurk 
et al. 2003). Long slit ISAAC spectroscopy of 9 candidates shows that three 
objects exhibit emission lines identified as Ha and [Nil] while the remaining 6 
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objects have fainter single lines consistent with the identification with Ha, one 
of which has a FWHM of ~ 5000 km s“ ^revealing another AGN at z = 2.16. 
The two AGN discovered with the narrow band technique are part of a larger 
group of five AGN probably associated with the radio galaxy as shown by 
Chandra observations of the field (Pentericci et al. 2002). The number density 
of soft X-ray sources detected by Chandra is in excess of that found in other 
fields. The detected overdensities of Lya, Ha and X-ray emitters draw a con- 
sistent picture of a powerful radio galaxy in an aggregation of galaxies which 
may form a cluster of galaxies. 

TN J1338-1942atz = 4.11: With regard to both its continuum and Lya emis- 
sion, this galaxy is amongst the most luminous radio galaxies known. Its Lya 
line profile and radio morphology are very asymmefric indicafing sfrong infer- 
acfion wifh dense gas (De Breuck el al. 1999). Based on Ihe line equivalenl 
widlh derived from Ihe narrow and broad (R) band images and also on Ihe ab- 
sence of emission in Ihe broad B band, 28 objecls in Ihe field of 1338—1942 
were selecled as candidale LAEs (Venemans el al. 2002). Of Ihe 23 candidales 
subsequenlly observed speclroscopically, 20 show a single emission line in Ihe 
expecled wavelenglh range. The idenlificalion of Ihe observed fealures wifh 
lines olher lhan Lya can be excluded in almosl all cases. The velocily dis- 
Iribulion of Ihe emitters has a dispersion of 326 kms“^, significanlly smaller 
lhan expecled from a random dislribulion of emitters selecled wilh Ihe narrow 
band filler. Compared wilh Ihe LALA survey (Rhoads el al. 2000), Ihe vol- 
ume density of LAEs is aboul 15 limes larger lhan in a blank field. The spalial 
dislribulion of emitters is nol homogeneous over Ihe observed field. The radio 
galaxy is nol in Ihe center of Ihe observed slruclure bul ralher al Ihe northern 
edge. 

4. High redshift proto-clusters and radio galaxies 

At the time this talk was delivered, six HzRG fields were observed sufficienlly 
deep lo assess Ihe density of companion EAEs. In Ihe fields of HzRGs at z = 
2.86, 2.92, 3.13 and 3.14 Ihe number of candidate (and speclroscopically con- 
firmed) emitters are: 52 (37), 70 (30), 78 (31) and 20 (11), which amounls lo 
over-densilies of 4 lo 15. The velocity dispersion of Ihe ensembles of emitters 
observed decreases wilh increasing redshift: from 1000 kms ^at z = 2 
lo ~ 325 kms“^al z = 4. Il would be premalure lo draw conclusions on 
Ihis resull, however, as Ihere are only six dala poinls. The size of Ihe slruc- 
lures of EAEs is in all cases larger lhan Ihe field sampled: > 3 Mpc (co- 
moving) and seems somelimes bound in one direclion. We have compared 
Ihe number of spikes in Ihe redshift dislribulion of Eyman Break Galaxies 
(EBGs) al 2.7 < z < 3.4 (Sleidel el al. 1998) wilh Ihe number of power- 
ful (P 2 , 7 GHz > 10^^ ergs“^ Hz“^ sr“^) radio galaxies in Ihis redshift range ( 
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Dunlop and Peacock, 1990). Assuming that the radio sources are active only 
once for a period of ~ 10^ year, the numbers are consistent with every LEG 
redshift spike being associated with a massive galaxy that has been or will be- 
come a luminous radio source once. From the preliminary results we derive the 
following conclusions: narrow band imaging is an efficient technique to find 
galaxy over-densifies in a narrow redshifl range, HzRGs are excellenf fracers 
of fhese over-densifies and may be fhe progenifors of cenfral brighfesf clusfer 
galaxies locafed in fhe progenifors of clusfers of galaxies. 
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Abstract Distant powerful radio galaxies are useful tracers of galaxy groups and clusters, 
since through their very existence they point to gaseous atmospheres on scales 
of at least the radio source diameter. We present new results from XMM-Newton 
observations of three luminous radio galaxies, where evidence for both radio- 
related and cluster mission is seen. 

Keywords: Radio galaxies, clusters of galaxies. X-ray, radio 

1. Introduction 

Distant powerful radio galaxies should be a useful tracer of galaxy groups and 
clusters, since the confinement of the jet requires a gaseous environment which 
should radiate in the X-ray. 

The selection of cluster samples through their X-ray flux is biased towards the 
most luminous objects at high redshift, whereas radio selection should give a 
more representative sample of cluster X-ray properties. This may be useful 
for testing theories of structure formation. With the new-generation satellites 
XMM-Newton and Chandra we have an unprecedented opportunity to make 
X-ray spectral measurements of radio galaxies at z > 1, and separate spatially 
the different X-ray components. 

New observations of FRII radio galaxies and quasars in the 3CRR catalog with 
z > 0.6 (Crawford & Fabian 2003; Donahue et al. 2003) have found that any 
cluster emission is of lower luminosity than measured with ROSAT (but this 
does not apply to 3C220.1; Worrall et al. 2001). Much of the extended X-ray 
emission is associated with the radio lobes and hotspots in some sources (e.g. 
Hardcastle et al. 2002). 

Here we present results for three powerful radio galaxies at redshifts between 
0.7 and 1.6 observed with XMM-Newton. The sources (3C 184, z = 0.996; 
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3C 292, z = 0.71; 3C 322, z = 1.68) were selected from the 3CRR catalog 
(Laing, Riley & Longair 1983) and have linear size > 50 kpc, which should 
be a signpost of clusters with significant atmospheres. For further details see 
Belsole et al. (2003). 

2. Observations & Imaging 

Calibrated event files for all three sources from the EPIC camera were pro- 
vided by the XMM-Newton SOC and were filtered in a standard way. The net 
exposure time for results presented here are: 58 ks (MOS) 16.4 (pn) for 3C 
184, 20 ks for 3C 292, and 9 ks for 3C 322. Adaptively smoothed images in 
the energy band 0.3 - 7.0 keV are shown in Figure 1. 

The image of 3C 1 84 is strongly dominated by point-source emission. How- 
ever, some degree of extended emission is detected up to 45 (300 kpc). The 
X-ray peak coincides, within 2 , with the core of the radio galaxy. 

The X-ray emission of 3C 292 is interestingly elongated in the same direction 
as the radio emission, but the correspondence is not one-to-one. Since the 
resolution of the radio map at 1 .4 GHz is roughly the same size as the XMM- 
Newton PSF, we can make a direct morphological comparison. The extended 
X-ray emission is detected up to 1.6' (580 kpc) to the north-west/south-east 
direction. In the orthogonal direction, the smoothed image indicates X-ray 
emission surrounding the centre up to 38 , marginally consistent with the 90% 
encircled energy of a point source. 

The X-ray morphology shown by the smoothed image of 3C 322 suggests that 
the emission is extended. The X-ray and radio emission coincide, with an 
indication that the radio emission is more extended than the X-ray. However 
this is the highest redshift source and the X-ray statistics are not good enough 
for a detailed comparison of the radio and X-ray emission. 

3. Spectra 

Spectra were extracted from the vignetting-corrected data, using a local back- 
ground. We were unable to separate the different X-ray components of 3C 
184 and thus extracted a spectrum in a circle of 40 about the source. The 
data and folded model are shown in Figure 2. We obtain a best fit adopting 
a model composed of a power law of spectral index T = and an 

absorbed power law of spectral index T = l.SlQgg and intrinsic absorption 
A^h = 6.9^2 1 X 10^^ cm~^. The goodness of the fit is = 36.29 / 41 d.o.f. 
and errors are quoted at la for one significant parameter. 

In the case of 3C 292, we accumulated spectra in different regions in order 
to separate the possible components associated with the nucleus, the lobes, 
and cluster emission. The extraction region corresponding to the radio lobes 
was defined on fhe basis of fhe radio map. The lobe specfrum (Figure 2) is well 
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Figure 1. XMM/EPIC adaptive smoothed images of the three sources. Contours correspond 
to the radio emission. Left: 3C 184; the radio contours are not superimposed since the radio 
galaxy is small in angular size. Centre: 3C 292: contours correspond to a VLA 1.4 GHz image. 
Right: 3C 322; contours are from a 4.86 GHz image. 




chonnti •n«rgy (h«V) ehormm «Mr^ (hM) 

Figure 2. Left: Background-subtracted spectrum and folded model of the central 40 of 3C 
184. The pn is in gray, the MOS in black. Right: Spectrum and folded model of the lobes of 3C 
292. 

fitted with an unabsorbed power law of spectral index T = 1 . 8 ± 0 . 1 . Adopting 
this model the unabsorbed flux at 1 keV is 407 nJy. This is in fairly good 
agreement with the flux expected from inverse Compton (IC) scattering of the 
CMB photons if the lobes are radiating at minimum energy. By extracting 
a global spectrum, which includes the nucleus, the lobes, and more extended 
emission, we separate spectrally the cluster emission and find it to be well fitted 
with a thermal model of kT = 1.9 ± 0.3 keV. 

A detailed spectral analysis for 3C 322 is difficult because of the low photon 
statistics (~80 photons from the whole EPIC). Despite the poor statistics, the 
spectrum in an elliptical region about the source clearly displays two compo- 
nents, as for the other two sources. The soft component is better described by 
a thermal model of kT = 1.5^q ® keV than a power law. 




148 



MULTIWAVELENGTH COSMOLOGY 



4. Discussion and preliminary conclusions 

The XMM observation of 3C 1 84 indicates that the X-ray spectrum is domi- 
nated by the hidden nucleus and a soft component related to radio emission. If 
the soft component is produced by IC scattering of photons in the lobes, then 
the magnetic field of the source should be ~2 times lower than the minimum 
energy condition. Deltorn et al. (1997) observed the field of 3C 184 with HST 
finding an overdensity of galaxies of which 11 were at redshift z = 1. They 
furthermore detected a gravitational arc. The extraction of a radial profile (not 
discussed here) gives us an indication of the detection of extended emission up 
to a radius of 0.8 Mpc. Using the photon statistics of this extended emission 
and the Lx — T relation for low redshift galaxy clusters (Arnaud & Evrard 
1999) we obtain an estimated temperature of ~2 keV for this extended com- 
ponent. 

The X-ray emission from the lobes of 3C 292 is likely to be related to the 
radio emission. In this case, from the measured X-ray flux and the expected 
flux for IC scattering of the CMB photons, we find that the source is very 
close to minimum energy. Another soft component contributes to the spectrum 
on larger scales. Its temperature {kT ~ 2 keV) is too hot for its luminosity. 
Since we cannot separate spatially the two components, confusion with other 
components, such as the nucleus, is likely. However, at this redshift, other 
physical conditions such as mergers or evolution of the Lx — T relation could 
play a role. 

The poor photon statistics of 3C 322 do not allow us to constrain the origin 
of the X-ray emission. The source is detected with each of the three cameras 
and we observe a correspondence between the X-ray emission and the radio 
emission from the galaxy. We have an indication, from the spectral analysis, 
that the soft emission is more likely to be thermal in nature than non-thermal. 
From our spectral results, we find that if a cluster-like environment is the ori- 
gin of the soft emission, the cluster temperature and X-ray luminosity are in 
agreement with the Lx — T relation for nearby luminous clusters.. 
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Abstract We have conducted a new deep SCUBA survey, which has targeted 12 lensing 
galaxy clusters and one blank field. The total area surveyed is 70 arcmin^ in 
which we have detected 60 sources. We have detected several sub-mJy sources 
after correcting for the gravitational lensing by the intervening clusters. Here we 
present the preliminary results and point out two highlights. 

Keywords: Survey — Infrared: Galaxies — Submillimetre 

1. Introduction 

The extragalactic background light determined for the whole spectrum shows 
that from the structures in the universe most of the energy is emitted in the IR 
and in the optical/UV (e.g., Fixsen et ah, 1998; Madau & Pozzetti 2000). The 
latter is the stellar light, while the former is the processed light, opticaVUV 
photons absorbed by dust and re-emitted in the IR. The total energy output at 
the wavelengths ranges are comparable. Studies resolving the IR background 
have found that it is powered by a relatively small number of dusty star forming 
galaxies. These galaxies have large star formation rates, 100 — 3000 MQyr“^, 
and are very luminous in the IR, typically 10^^“^^ Lq, thus they are a.k.a. 
(ultra-)luminous IR galaxies. 

As half of the cosmic star formation appears to be hidden behind dust, studies 
of the high-z universe in the IR are imperative. The redshifted far-IR emission 
is observable at the submillimetre (submm) wavelengths with ground based 
telescopes and instrumentation. An important aspect of submm cosmology is 
the negative /c-correction, which allows observations of objects out to a redshift 
of 10. The observed flux density is approximately constant with redshift, which 
is of great benefit for detection experiments, but as a result it does not give an 
indication of redshift. Even if the source counts are known, different models 
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with largely different redshift distributions can be used to reproduce the source 
counts (Blain et al. 1999). As a consequence, to study the star formation history 
of these objects the redshift distribution must be determined by measuring the 
redshift of the individual objects. The negative fc-correction is unique to only a 
few wavelengths. At most other wavelengths the positive /c-correction makes it 
difficult to observe objects at high redshift. This of course affects the follow-up 
and identification studies the submm sources. 

2. A new deep SCUBA survey 

We have conducted a survey with SCUBA (Submillimeter Common User Bolome- 
ter Array; Holland et al. 1999), mounted at the J.C. Maxwell Telescope, Hawaii, 
aimed at studying the faint submm population. We have targeted 12 galaxy 
cluster fields and one blank field. The clusters are strongly gravitationally 
leasing and have redshifts between 0.03 and 0.88. The cluster fields have been 
observed to a depth of Icrrms ~ 1 — 2mJy/beam (one field shallower). 55 
sources have been detected in those fields. The blank field is the NTT Deep 
Field, which was observed to liTrms ~ ImJy/beam. Here 5 sources were 
detected. The total area surveyed is 70 arr. min ^. The analysis and source ex- 
traction involved Mexican Hat Wavelets (Cayon et al. 2000) and Monte Carlo 
simulations (Knudsen et al. in prep., Barnard et al. in prep). 

3. Lensing and counts 

The gravitational lensing by the foreground clusters amplifies the background 
sources. Furthermore, it magnifies the regions behind the clusters. As a result 
the area surveyed in the source plane is 2-3 times smaller than the area seen in 
the image plane. The effect of lensing is only of benefit when the counts are 
steep, which they are in the case of submm sources. The lensing moves the 
confusion limit to fainter flux density levels, hence allowing us to reliably pick 
out the faint sources. Most of the previous surveys made in the submm have 
targeted blank fields, and thereby studied the bright and intermediate popula- 
tion (e.g., Scott et ah, 2002; Webb et ah, 2003). Only a limited number of 
surveys have been able to study the faint population (e.g., Smail et ah, 1998). 

In our survey, after correcting for the gravitational lensing, we have been able 
to observe objects with sub-mJy fluxes and survey an area large enough for 
us to study the counts of the faint population. The preliminary number counts 
based on half of our survey are shown in Fig. 1. Tentatively we find a slope 
a = 1.5, when assuming a power law N{> S) oa This is comparable to 
other surveys. 
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Figure 1. The cumulative 850 fj,m source counts based on half of our survey. The asterisks 
represents this work. For comparison the counts from Smail et al. (2002) (diamonds) and from 
Scott et al. (2002) (triangles) have been included. The dotted line shows the best fit to our data 
points. 



4. Follow-up and Identifications 

We have done follow-up observations with ISAAC at the VLT, obtaining deep 
Ks images (limiting magnitude ~ 21.5 mag (Vega)). This has been combined 
with archival, deep optical data from HST and VLT, and when possible also 
with observations at other wavelengths (radio, mid-lR). A substantial fraction 
of the plausibly identified submm sources turn out to be very or extremely red 
objects (the EROs are often defined fo have I — K >4). Remarkably, in many 
cases, counferparfs identified as red objecfs have close neighbours which are 
also red objecfs. Examples are shown in Eig. 2. 

We finally poinf ouf fwo highlighfs of fhe projecf: a mulfiple imaged galaxy 
and a fype - 1 quasar. 

The mulfiple imaged galaxy is found in fhe field of A2218 (van der Werf el al. 
in prep). Three submm sources were identified wilh Ihree images of fhe same 
very red galaxy, SMM J16359-I-6612, delected bolh in optical and near-lR. The 
submm source is delecled bolh al 850 pm. and 450 pm wilh fhe same colour 
for all Ihree images. The magnification faclor in lolal for all Ihree images is 
40. The lensing corrected flux density is /gso = 0.9 mJy. Based on delailed 
lensing models fhe galaxy has an eslimaled redshifl of 2.5. lls speclral energy 
dislribulion is similar lo lhal of Arp220 and HR 10, Ihough aboul a faclor 5 
fainler. A quasar was idenlified in fhe field of A478. The submillimelre source, 
SMM J04135-I-10277, has /gso = 25 pm and /450 = 55 pm - Ihese fluxes 
should be corrected wilh a magnification faclor of 1.3. This is fhe brighlesl 
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Figure 2 In this mosaic 
are shown three examples of 
submm sources with one or 
more very or extremely red 
objects nearby. The contours 
represent the 850 /rm signal- 
to-noise levels (3, 4, 5, 6 and 
7). 



source in the entire survey and also bright for other similar surveys. The quasar 
has a redshift of 2.837. CO has been detected at z = 2.84 (Hainline et al, in 
prep). An analysis of the SED suggests that the quasar has a larger submm/far- 
IR emission than other quasars. The IR luminosity is Lir = 3 • 10^^ Lq. 
An analysis of the optical spectrum suggests that the viewing angle from the 
relativistic beam is large, which can have consequences for the identification 
of other submm sources (Knudsen et ah, 2003). 
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INFRA-RED WAVELENGTHS 



GALAXY EVOLUTION IN THE IR AND THE 
PROMISE OF SIRTF {INVITED) 



Carol J. Lonsdale 



Abstract The launch of SIRTF on August 25, 2003, opens an exciting new era for the 
infrared. Building on the legacy of IRAS, COBE & ISO, SIRTF will image the 
sky from 3.6— 160/rm in tiered surveys, from wide (~80 sq. deg.) reaching z~l 
in depth for LJ.j^ galaxies, to small, deep, confusion-limited surveys. SIRTF 
will measure the accumulation of stellar mass at high redshift, and the evolution 
of dusty systems (disks, starbursts & AGN) since z~4, on size scales up to sev- 
eral hundred Mpc. The next decade will also see two major all-sky IR surveys, 
ASTRO-F and WISE (Wide-held Infrared Survey Explorer), and the launch of 
Herschel and Planck. 

Keywords: Galaxies, infrared; Galaxies, evolution; Instruments, SIRTF 

1. The Evolving Dusty Universe 

A large fraction of the emission of stars and AGN in galaxies is absorbed and 
re-emitted by dust in the thermal infrared. The Cosmic Infrared Background 
(CIB) measured by COBE indicates that 50% or more of the total integrated 
light in the Universe, exclusive of the CMB, emerges longward of 1 jrm Puget 
et al 1996; Hauser & Dwek 2001. Much higher IR emission fractions than this 
can occur in luminous starbursts and AGN, and the UV-optical emission of 
many IR-luminous galaxies can come from completely different regions than 
the IR, emphasizing the importance of ISM geometry, extremely high optical 
depth in young star-forming regions & highly embedded AGN. Thus if much 
of the star formation history of galaxies occurred in bursts we can only assess 
it properly in the IR/submm. 

ISO undertook several extragalactic surveys from 6.7 to IVOjrm (see reviews 
by Genzel & Cesarsky 2000; Franceschini et al. 2001), from the large-shallow 
ELAIS survey Oliver et al. 2000; Rowan-Robinson et al. 2003 to small- 
deep surveys reaching ~50/rJy at 15/im and ~15/rJy at 6.7 jxm Altieri et al. 
1999; Oliver et al. 2003; Sato et al. 2003. Deep ISOCAM surveys are dom- 
inated by a peak in the number counts near 0.3mJy, which is caused by the 
7.7/im PAH feature passing though the filter at redshifts of ~0.8— 1 coupled 
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with declining counts to fainter fluxes due to a strong k-correction Elbaz et 
al. 2002. About 70-80% of the mid-IR CIB is resolved by the deepest ISO 
15^m surveys, and an M82-like spectral energy distribution (SED) at z~0.8— 1 
can match the broader CIB in shape quite well, except longward of ~200/rm 
where higher redshift and/or cooler sources are also required. Indeed, lumi- 
nous IR/submillimeter sources at significantly higher redshifts dominate the 
submm CIB (D. Hughes, this volume). 

ISOPHOT 60/rm to 170/im observations have been limited to brighter fluxes, 
and resolve only 5-10% of the CIB directly Kawara et al. 1998; Dole et al. 

2001. Redshifts and luminosities are in the range z<0.3; E//j 

with some relatively cool IR SEDs Serjeant et al. 2001; Kawara et al. 1998; 
Chapman et al. 2002. Some higher redshift sources are found, up to z=1.2 with 

Several ISO studies conclude that AGN contribute 10—20% of the CIB Eadda 
et al. 2002; Eranceschini et al. 2002; Polletta et al. 2003. The fraction of IR- 
luminous systems hosting AGN is of much interest in light of the Chandra and 
XMM discoveries that the hard X-ray background is dominated by obscured 
AGN which peak at redshift ~0.7-l Hasinger et al. 2003. 

At still longer wavelengths very luminous UEIRGs at redshifts ~2-4 are sur- 
prisingly numerous (D. Hughes, this volume). This population is of funda- 
mental importance to understanding galaxy formation and evolution, yet hi- 
erarchical structure formation models cannot explain them Somerville et al. 
2001 without resort to dramatic assumptions more in keeping with monolithic 
formation scenarios Granato et al. 2002; Balland et al. 2003. AGN could 
also contribute directly to the luminosity of these systems, decreasing the con- 
flict with hierarchical models; indeed many submm sources with spectroscopy 
available do show evidence of embedded AGN Chapman et al. 2003a, although 
this does not necessarily mean that the AGN is a dominant power source for 
the IR emission. 

Taken together, the IRAS, ISO, COBE and submm surveys available to date 
show there has been a rapid decline in the infrared energy density of the Uni- 
verse since z~l, probably steeper than that seen in the UV-NIR Rowan-Robinson 
et al. 1997. Eocally the IR Universe is dominated by quiescent disk star for- 
mation and modest starbursts, and UEIRGs are very rare. Most evolution mod- 
els for the IR/submm number counts require strong luminosity evolution to a 
peak at z=l or higher Chary & Elbaz 2001; Eranceschini et al. 2001; Xu et 
al. 2003; Eagache et al. 2003, with a marked shift towards the importance 
of luminous UEIRGs by z~2. However the discovery of some relatively cool 
sources in the deep ISOPHOT surveys is of considerable note Chapman et al. 

2002, since dust masses and temperatures in submm surveys are poorly con- 
strained due to limited SED information, and an overestimation of the dust 
temperature will lead to an over-estimation of the total IR/submm luminosity. 
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and hence the derived star formation rate, by a factor of 10 or more Kaviani et 
al. 2003; Rowan-Robinson et al. 2001; Chapman et al. 2003b; Efstathiou et al. 
2003. ISOPHOT has found other evidence for cool disk emission: about half 
the nearby galaxies in the ISOPHOT Serendipity Survey are colder than IRAS, 
with its longest band at 100/rm, could determine Stickel et al. 2003, while 
local submm surveys show a similar result Dunne & Bales 2001. Interestingly, 
large disks at z~2 have recently been reported in deep NICMOS images Labbe 
et al. 2003. This important issue can be addressed directly by far-lR color and 
morphological analyses of deep SIRTF samples. 

2. Stellar Mass Accumulation 

Studies of the accumulated mass in stars have been limited to the K-band, and 
thus the rest-frame optical at high redshift. The ideal rest observing window is 
~l/rm, where the SED of low mass stars peaks and where extinction effects are 
low; SlRTF’s IRAC camera was in part optimized to directly observe evolved 
stellar populations at their SED peak to high redshift Simpson & Eisenhardt 
1999. 

Optical-NIR determinations of the stellar accumulation history are limited to 
small fields and suffer the effects of cosmic variance. The global increase 
in stellar mass since z~3 agrees reasonably well with predictions of CDM 
hierarchical merging models Dickinson et al. 2003a; Rudnick et al. 2003, 
consistent with ~50% of the stellar mass in the Universe having formed by 
z~l, most of it since z~3. Other studies find evidence fhaf some massive 
sysfems have formed earlier in a more monolifhic fashion, based on numbers of 
luminous K-selecfed galaxies and high clustering levels of fainl EROs Cimaffi 
2003; Pozzeffi el al. 2003; Daddi el al. 2003. A common speculalion is lhal 
Ihe high SFR UElRGs al z=2-4 are Ihe progenitors of Ihese massive clustered 
spheroids, which have already formed mosl of Iheir slars well before z=l. This 
is nol to say lhal Ihe CDM-based hierarchical slruclure formalion paradigm is 
seriously challenged, bul lhal more sophisticated physics is likely required to 
accelerate Ihe formation of massive systems al early times Somerville el al. 
2003; Cimalli 2003. 

The uncerlainlies in Ihese oplical/NlR sludies are large, due to Ihe shorl wave- 
lenglh and uncerlainlies in Ihe modeling, including Ihe IMF and ils universalily, 
extinction, melallicily, slarbursl lifetimes, and to selection effecls, including 
missing high M/E and low mass & low surface brighlness systems, and field- 
lo-field variance. Improvemenls lhal mighl be expected in mass estimation 
from Ihe 3— 8/rm SIRTF surveys are illuslraled by Berla el al. (2003). 
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3. The Promise of SIRTF and Future Missions 

Cosmogonists would like to fully understand the assembly history of galaxies, 
how the Hubble sequence came into being, and how galaxies of all types and 
activities came to be distributed in space the way we now see them, all in re- 
lation to the underlying dark matter distribution and the cosmological model. 
We would also like to understand the role of AGN in galaxy evolution. The 
key questions for IR observers are the roles of starbursts, cool quiescent (disk) 
star formation & AGN as a function of redshift and environment. This is espe- 
cially relevant for the high redshift ULIRG population, where we would like 
to know the SED shapes and luminosities much more accurately, the IMF and 
burst timescales for bursting systems, AGN contributions to the luminosity, and 
connections with other high redshift objects: Lyman Break Galaxies (LBGs), 
radio galaxies and quasars, and absorption systems. Observational goals to 
address these questions include fully resolving the GIB; statistically robust lu- 
minosity functions and clustering measurements in many volume cells across 
time & variations in the matter density field; stellar masses for large samples 
out to z>4 from 1-8/rm photometry; X-ray to radio SEDs for subsamples of 
all populations at all redshifts; and deep images of subsamples to determine 
multi-wavelength morphology. 



Table 1. SIRTF Extragalactic Surveys 



Survey 


Theoretical sensitivity, 5a, without confusion 
3.6 4.5 5.8 8 24 70 160^m 

ftjy fiJy fiJy fiJy mjy mjy mjy 


Area 
sq. deg. 


SWIRE 


7.3 


9.7 


27.5 


32.5 


0.45 


2.75 


17.5 


65 (7 fields) 


ELS 


12 


15 


43 


49 


0.46 


3.0 


24.7 


5 


GTO-wide 


8 


11 


32 


38 


0.5 


3.0 


25 


9 


GTO-deep 


2 


4 


11 


16 


0.11 


1.0 


15 


2.5 (6 fields) 


GTO-ultra 


0.6 


1.0 


3.5 


4.8 


0.035 


0.7 


- 


0.3 (0.02 MIPS) 


GOODS-deep 


0.15 


0.25 


0.8 


1.2 


0.02 


- 


- 


0.08 (2 fields) 


GOODS-ultra 


0.1 


0.15 


0.45 


0.65 


- 


- 


- 


0.014 


Confusion 


3 


3 


3 


3 


0.1 


4 


40 





SIRTF Gallagher 2003 launched on Aug 25, 2003, into an Earth-trailing orbit, 
carrying a helium-cooled 85-cm telescope and three instruments: the Multi- 
band Imaging Photometer for SIRTF, MIPS, (PI G. Rieke; Young 2003), the 
Infrared Array Camera, IRAC, (PI G. Fazio; Hora et al. 2003) and the In- 
frared Spectrometer, IRS, (PI J. Houck; Roellig 1998). SIRTF is expected to 
have a 3-5 year lifetime. The IRAC imaging array sizes are 256x256, giving 
FOVs of 5'x5' with pixel size of 1.2". The MIPS FOVs are also 5'x5' at 24 
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& 70^m, and 0.5' x5' at 160/x, while the physical array sizes are 128x128, 
32x32 & 2x20 respectively, with pixel sizes 2.6", 9.9" & 16". IRS also has 
15/rm imaging capability, using the 33x45 pixel peak-up array, with an FOV 
of I'x 1.2' and pixel size of 1.8". 

The SIRTF extragalactic surveys will directly measure far-lR luminosities of 
the major galaxy populations to z~0.5-l, when the ~80-120/rm peak of the 
FIR SED of typical starbursts/disk systems passes out of the 70/im & 160/rm 
filters. Mid-IR emission will be traced to greater redshifts, and may be used 
to a certain extent as an Gjuboi estimator Papovich & Bell 2002. SIRTF will 
excel, in particular, as an AGN “machine”, due to its superb sensitivity at 8, 
24 & 70/rm coupled with the mid-lR rest wavelength peak of AGN dust tori 
SEDs. At 160/rm, SIRTE will chart new ground since its sensitivity at this 
wavelength is unprecedented. 

Details of the major SIRTE surveys are given in Table 1 : the Eirst Look Survey 
(ELS), the Guaranteed Time Observer (GTO) surveys and 2 of the 3 extra- 
galactic Legacy surveys: The SIRTE Wide-area InfraRed Extragalactic survey, 
SWIRE, (PI C. Lonsdale; Lonsdale et al. 2003) and the Great Observatories 
Origins Deep Survey, GOODS, (PI M. Dickinson; Dickinson et al. 2003b). 
Also in Table 1 is an estimate of the likely confusion noise in each band 
from the integrated effect of faint extragalactic source counts, based on several 
different count models and different methods for estimating confusion noise 
Vaisanen et al. 2001; Dole et al. 2003; Shupe et al. 2003. The values quoted 
are generous: the confusion noise may be more serious, especially taking into 
account realistic pixel sampling and source extraction methods Shupe et al. 
2003. All the surveys are expected to be confusion- limited at 160/rm, and pos- 
sibly also 70;um. The shortest IRAC bands may become confusion-limited for 
the GTO deep survey, and the remaining bands may become confused before 
the full depth of the GTO-ultra and GOODS surveys is reached. Thus SIRTE 
confusion limits will be reached in all bands in one survey or another. The 
fraction of the GIB that might be resolved by SIRTE is about 20% at 160/rm, 
~50% at 70/rm and perhaps ~70% at 24/im Lagache et al. 2003. 

All the SIRTE survey fields have been selected to optimize coverage of pre- 
vious extragalactic surveys and to minimize noise from cirrus and zodiacal 
emission. Even the shallowest tier (the GTO wide survey in the Bootes region, 
the ELS survey and the SWIRE Legacy survey, which together cover ~80 sq. 
deg. in all IRAC & MIPS imaging bands) reaches cosmological distance ow- 
ing to the superb sensitivity of SIRTE. The goals of these wide surveys are to 
map dusty galaxies and evolved stellar populations to z>l across scales of 100 
Mpc or more, and to determine luminosity functions in 100s of independent 
volume cells, detecting over lO^galaxies and AGN. Of particular importance 
is the ability to measure clustering accurately on many size scales, in relation 
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to the dark matter density field. The suite of 9 different fields provides robust 
protection 

against cosmic variance, from local to cosmological distances. An intermedi- 
ate tier is provided by coordinated IRAC and MIPS GTO deep surveys in 6 
different regions, each 25 ' x 60' in size except the 2 deg long Groth strip which 
is extended in order to sample several correlation lengths at z~l. The deepest 
tier comes from the GTO ultradeep survey and the GOODS Legacy survey, the 
ultimate depth of which depend on the confusion noise they confront. GOODS 
will not observe at 70 or 160/rm, and at 24/im is contingent on performance 
relative to the GTO ultradeep program. The goals of GOODS are to determine 
stellar masses from the IRAC data to ~1 mag. fainter than L* at z~3, and to 
reach L* at z~5. At 24/rm, GOODS aims to detect the 7.7/rm PAH feature 
at z~2 to the same luminosity as the ISO 15/rm data achieved in the HDF at 
z~l, and to detect “ordinary” Lyman Break Galaxies at z~2.5 Dickinson et 
al. 2003b. GOODS observes two separate fields (HDFN & Chandra DFS) fo 
guard againsf cosmic variance. 

Exfensive X-ray fo radio complemenfary programs are underway for all SIRTF 
surveys, necessary for fully consfraining fhe accrefion and sfar formation hisfo- 
ries of fhe Universe, and for opfical/NIR identifications, phofomefric redshiffs, 
morphologies and environmenfs. However currenf X-ray, NIR and radio sen- 
sifivifies can mafch neifher fhe widfh nor fhe depfh of fhe shallowesf/deepesf 
SIRTF surveys in reasonable infegrafion times, and some fainl luminous IR 
sources will also remain unidentified in fhe optical. Thus much mulfiwave- 
lengfh follow-up of SIRTF samples will awaif fulure large observafories, from 
JWST fo ALMA (Afacama Large Milimefer Array) & SKA (Sq. Kilometer 
Array). 

The fhird exfragalaclic Legacy program, SINGS (SIRTF Infrared Nearby Galaxy 
Survey; PI R. Kennicuff; Kennicuff ef al. 2003), will nof direcfly observe fhe 
disfanf Universe, buf will provide vifal local “anchor poinfs” for if by charac- 
ferizing sfar formation in 75 local galaxies, fracing fhe processing of energy 
from young sfars fhrough fhe dusfy ISM. Numerous smaller GTO programs 
will also confribufe defailed sfudies of ofher known galaxies and AGN, from 
fhe local Universe fo fhe mosf disfanf known objecfs; fhe besf resource for ex- 
ploring SIRTF GTO program is fhe Reserved Objecfs Cafalog 
(hffp://sirff.calfech.edu/SSC/roc/). 

Beyond SIRTF we can look forward fo ASTRO-F & WISE, all-sky mapping 
missions in fhe near- fo far-IR. ASTRO-E is a Japanese-led mission, observing 
from 2-175/rm and due fo launch in Spring 2005 (S. Serjeanf, fhis volume). 
The Wide-field Infrared Survey Explorer, WISE (E. Wrighf, PI), is currenfly 
in extended review al NASA for launch aboul 2008. If will survey fhe enlire 
sky al 3.5, 4.7, 12 & 23/um wilh 3-6 orders of magnilude belter sensilivily lhan 
previous allsky surveys. Carrying a cold 50-cm telescope in sun-synchronous 
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Figure 1. Estimated number of galaxies with L/rj > in the total area covered by the 

SIRTF surveys, and the future Explorer WISE, taking into account estimated confusion limits. 
The number with L>10^®, and the peak redshift for IO^^Lq systems, are listed in the same 
sequence as the histograms. Based on the simulation of Xu et al. (2003). 



orbit it will deliver over 10® images over the entire sky and catalogs of ~5 x 10® 
objects. WISE will map the local Universe to z~0.6, and has enough volume 
to detect ULlRGs 16 times more luminous than SWIRE to z~4 (Eig. 1). 
Herschel and Planck launch together towards the end of the decade. Herschel, 
with a 3.5-m mirror Pilbratt 2001, will provide imaging and spectroscopy, 
reaching submJy photometric sensitivities for deep surveys at 250, 350 & 
500;um with SPIRE, and at 70, 110 & 170/rm with PACS. Given the larger 
mirror size compared to SIRTE, Herschel will be able to provide similar sensi- 
tivities and resolutions as SIRTE at complementary longer wavelengths. PACS 
may resolve ~80% of the GIB at 100/rm, determining with great accuracy the 
nature of the dominant population Lagache et al. 2003. SPIRE will not be 
able to resolve a large fraction of the longer wavelength background, but will 
provide sensitive measurements in the rest-frame far-lR to z~3 or higher. The 
brighter Planck all sky survey at 350/im-20GHz (http://sci.eso.int/planck) will 
be very sensitive to rare and luminous submm/mm sources, especially cool 
dusty objects, extending the IRAS, ASTRO-E & WISE all-sky views of the 
Universe to much longer wavelengths. 

4. Summary 

ISO resolved a large fraction of the mid-lR GIB, showing it to be dominated 
by ElRGs at z~0.8, while at longer wavelengths, luminous, rare, distant sys- 
tems are important. Star formation is the dominant energy source, with im- 
portant contributions from heavily dust-obscured AGN. Dust temperatures are 
not well constrained at high redshift, raising the possible importance of qui- 
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escent star formation in cool disks, vs. starbursts, at early times. NIR studies 
of evolved systems also show evidence for both slow hierarchical assembly 
since z~3, and more rapid formation of massive systems at early times. Each 
of the SIRTF surveys will trace both evolved stellar populations (with IRAC) 
and dusty systems (with MIPS) over matched volumes, providing a supreme 
opportunity to connect the evolution of these populations in time and space. 
The shallowest SIRTF surveys will have superb volume and area coverage, 
sensitive to structures on 100s of Mpc and UFIRGs to z~4, while the deepest 
studies will trace F* systems to z~2.5, and reach the confusion limits in all 
SIRTF imaging bands: 3.6 to 160/im. SIRTF may resolve about 70, 50 and 
20% of the CIB at 24, 70 & 160/rm respectively. 
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SWIRE: THE SIRTF WIDE-AREA 
INFRARED EXTRAGALACTIC SURVEY 



Harding E. Smith & Carol J. Lonsdale 



Abstract The largest of the SIRTF Legacy programs, SWIRE will survey 65 sq. deg. in 
seven high latitude fields selected to be the best wide low-extinction windows 
into the extragalactic sky. SWIRE will detect millions of spheroids, disks and 
starburst galaxies to 2 > 3 and will map L* and brighter systems on scales 
up to 150 Mpc at z~0.5-l. It will also detect ~10^ low extinction AGN and 
large numbers of obscured AGN. An extensive program of complementary ob- 
servations is underway. The data are non-proprietary and will be made available 
beginning in Spring 2004. 

Keywords: Galaxies, infrared; Galaxies, evolution; Instruments, SIRTF 

1. Introduction 

The SIRTF Wide-area InfraRed Extragalactic Survey (SWIRE, Dr. Carol Lons- 
dale, RI.) is the largest of the six SIRTF Legacy Surveys (900 hours), survey- 
ing approximately 65 square degrees in all 7 SIRTF imaging hands. A current 
description of the SWIRE Survey is given hy Lonsdale et al. (2003) and on 
the SWIRE WehPages: http://www.ipac.caltech.edu/SWIRE. Table 1 lists the 
Survey sensitivities. 

The Survey will cover seven high-latitude fields, selected to he the most trans- 
parent, lowest-hackground wide-area (> 5sq. deg.) fields in the sky. The 
fields, covering between 5 and 15 sq. deg. include previously well-known 
IR extragalactic survey fields (e.g. Lockman Hole and 3 ELAIS ISO Survey 
Fields) and x-ray fields (Chandra Deep South and XMM Large Scale Survey) 
are shown in Table 2. 

The SWIRE science goal is to enable fundamental studies of galaxy evolution 
in the infrared for 0.5 < z <3: 

0 evolution of star-forming and passively evolving galaxies in the context of 
structure formation and environment. 

0 spatial distribution and clustering of evolved galaxies, Starbursts, & AGN. 
0 the evolutionary relationship between galaxies and AGN and the contribu- 
tion of AGN accretion energy to the cosmic backgrounds. 
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Table 1. SWIRE Sensitivity Limits (Pre-launch est. 5cr; w/o confusion) 



A 


IRAC 

Sensitivity 


Resolution 


A 


MIPS 

Sensitivity 


Resolution 


3.6/im 


7.3/iJy 


0.9" 


24^m 


0.45mJy 


5.5" 


4.5/im 


9.7/iJy 


1.2" 


70^m 


2.75mJy 


16" 


5.8/im 


27.5/iJy 


1.5" 


160^m 


17.5mJy 


36" 


8.0/im 


32.5/iJy 


1.8" 








Table 2. SWIRE Survey Eields 








Eield 


Center (J2000) 


Area 


Background 


Prob. Obs. 




RA 


Dec 


(sqdeg) (lOO^m; MJy/Sr) 


Date 


ELAIS SI 


00'*38"‘ 30® 


0 

0 

0 

1 


14.6 


0.42 


2004 Jun/Jul 


XMM-LSS 


02'*21"* 20® 


-04° 30' 


9.2 


1.3 


2004 Jul/Aug 


Chandra-S 


03'*32"* 00® 


-28° 16' 


7.8 


0.46 


2004 Aug/Sep 


Lockman 


10'*45"* 00® 


-T58° 00' 


14.4 


0.38 


2004 Apr/May 


Lonsdale 


14'*41"* 00® 


-k59° 25' 


6.9 


0.47 


2005 Leb 


ELAIS N1 


16'* 11"* 00® 


-T55° 00' 


9.2 


0.44 


2004 Jan 


ELAIS N2 


16'*36"* 48® 


+41° 02' 


4.7 


0.42 


2004 Jun/Jul 



Galaxy evolution models which match the IRAS/ISO galaxy counts at all wave- 
lengths from 7-100/rm as well as the CIRB (Xu et al 2001, 2003) predict that 
SWIRE will detect of the order of 2 million galaxies — spheroids and evolved 
stellar systems with IRAC, and active star-forming systems with MIPS. SWIRE 
will also detect about 25,000 classical AGN, and an unknown number, perhaps 
several times as many, dust-enshrouded AGN. 

Recent estimates of the “Universal Star-formation History (SFH)” suggest that 
the bulk of cosmic evolution occurs between redshifts, 0.5 < 2 : < 3, the 
redshift interval for which SWIRE is optimized. The median SWIRE redshift 
for starbursts is predicted to be, (z) ~ 1, where many estimates find a peak in 
the SFH', luminous infrared galaxies will be detected by SWIRE out to 2 ; ~ 3. 
Previous estimates of the SFH have varying, frequently large, and uncertain 
corrections for extinction. SWIRE will measure the star-formation rates and 
modes as a function of redshift and environment over this critical epoch. 

A key element in the SWIRE Survey design is to enable galaxy evolution stud- 
ies in the context of large-scale structure/environment. One of the SWIRE 
Survey fields covers the deep survey areas of the XMM-LSS Survey (Pierre 
et al. 2003) so that the infrared galaxy census may be directly tied to the 
presence of rich x-ray clusters to 2 ; > 1. SWIRE will sample several hun- 
dred, 100 Mpc scale co-moving volume cells enabling a variety of large-scale 
structure measures from correlation functions, power spectra, and counts-in- 
cells to direct comparison with model calculations. SWIRE’s measures of the 
star-formation as a function of environment will be important input for CDM 
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simulations which have been exceedingly successful in simulating the devel- 
opment of structure in the early Universe, but perhaps less so in simulating 
galaxy evolution within that structure owing to the complexity of the physics 
of star formation (e.g. Kay et al. 2002). 

The similarities of many AGN SEDs in the mid-far infrared suggests that 
SWIRE will be less biased with respect to AGN types and ages than many other 
surveys, enabling a more complete census of AGN out to z > 1. Although the 
detection rates should be unbiased, the similarity between the SEDs of ob- 
scured AGN to those of Starbursts, and the extreme optical depths will make 
identifying the obscured AGN population very challenging. Eow-frequency ra- 
dio surveys will, of course, identify radio-loud AGN, but these make up only 
10-15% of the AGN population. Eor this reason the XMM-LSS Survey, along 
with current and planned deeper surveys in hard x-rays will be vital to identi- 
fying SWIRE AGN. 

2. Supporting Observations 

An aggressive program of ground-based optical, NIR and radio observations 
is planned in support of the SWIRE Survey and we are actively pursuing other 
programs with HST, Chandra, XMM and GAEEX. As already described Chan- 
dra and XMM Surveys will be important for discovering the obscured AGN 
population. SWIRE has entered into cooperation with the GAEEX team so 
that the SWIRE fields will be included in the GAEEX Deep Survey. 

The SWIRE Optical-NIR goal is to obtain moderate-depth optical multi-band 
ig' ~ 25.7, r' ~ 25, i' ~ 24; Vega magnitudes, 5(T for a 2" galaxy) data for the 
entire Survey area. At these limits we expect to detect approximately 2/3 of 
SWIRE sources detected by both MIPS and IRAC. The EEAIS Nl, N2 fields 
have been imaged fo somewhaf shallower limifs (r' ~ 24) as par! of fhe INT 
Wide Eield/EEAIS Surveys and have now been released (Rowan-Robinson et 
al 2003). Efforls confinue fo push deeper in ENl/2 in fhe opfical and info fhe 
NIR as par! of UK SWlRE-relafed Programs. An extensive observing program 
of EEAIS SI is being underfaken al ESO. Optical imaging of fhe Lockman, 
Lonsdale and CDES fields are being underfaken al KPNO and CTIO wilh fhe 
Mosaic cameras and al Palomar wilh fhe 200" Large Eormal Camera. 

Two major SWIRE radio surveys are planned. The median 20cm flux densify 
predicled for SWIRE Slarbursl galaxies is ~50^Jy — loo fainl lo survey fhe 
entire area lo Ihis deplh. We have Iherefore carried oul a deep pencil-beam 
VLA Survey (E. Owen, PI) and are planning an extended shallow VLA survey 
(J. Condon, PI). 

O SWIRE Lockman Deep VLA Survey — 3/rJy rms @ 20cm; a = 10^ 46”^ 
5 = +59° 01'; 30' VLA primary beam is Ihe deepesl VLA field al 20cm. 
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© Cosmic Windows VLA Survey — 50^Jy rms @ 20cm in the combined 
fields of SWIRE, Galex and XMM-LSS which are accessible to the VLA. This 
Survey is being proposed for the next VLA large survey program. 

Linally, in addition to the XMM-LSS coverage of our XMM field, plus individ- 
ual existing Chandra/XMM fields in CDLS, Lockman, ENl and EN2, SWIRE 
is carrying out a large Chandra survey of our Lockman Deep Radio-Optical 
Lield: Chandra Lockman Survey — 630 ks (9 x 70ks ACIS pointings) is being 
devoted in Cycle 5 to deep (<r ~ lD~^^erg cm~‘^s~^). 




Figure 1. Simulation of SWIRE images in 7 SIRTF bands (Xu et al. 2003) model; 10' FOV). 

3. Summary 

The SWIRE Legacy Survey is a community Survey; the large dataset which 
is being accumulated reflects the synergies between the Legacy program and 
other major public surveys. With a couple of million galaxies and several tens 
of thousands of AGN, many with redshift estimates and SEDs from x-ray to 
radio, SWIRE’s SIRTL database will be released to the community through the 
SIRTL Science Center (SSC) Archive with the ancillary data released through 
IPAC’s Infrared Science Archive (IRSA). We hope that SWIRE will provide a 
rich datamine and will provide answers to many of the questions posed here. If 
you have projects that you would like to do with SWIRE data, visit the SWIRE 
WebPages and/or contact one of the team members. 
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Abstract The Subam/XMM-Newton Deep Survey (SXDS) is a new deep Optical/X-ray 
survey which aim to take full advantage of the capabilities of the Subaru Tele- 
scope and the XMM-Newton. The SXDS is part of an ambitious project to 
obtain extensive multi- wavelength data across a ~ 1.3 deg^ region of sky. Other 
wavelength data (infrared, submillimeter, and radio) are being pursued through 
various facilities. Combined with suitably deep images at other wavelengths the 
SXDS would provide an accurate census of the contents of the Universe without 
suffering from the biasing effects of large-scale structures. This paper describes 
the location, size and depth of this survey. 

Keywords: surveys, large-scale structure, optical imaging, X-rays:galaxies, active galaxies 

1. Introduction 

We have initiated a multiwavelength wide area and deep survey to provide an 
accurate census of objects in the Universe hence advance our understanding of 
the formation and evolution of structure. The existing surveys are either wide 
area hut relatively bright limiting magnitude or deep limiting magnitude but 
small area. Detailed simulations (Gaztanaga and Hughes 2001) indicates that 
we must cover a large enough area (> 1 deg^) to avoid the effects by the cosmic 
variance. At the same time we must observe sufficiently deep so that we can 
accurately determine the global properties of different class of objects. 

Our initial survey consists of optical imaging (H, R, i' , Ujwith Suprime-Cam 
on Subaru Telescope (Miyazaki et al. 2002), and X-ray imaging with the EPIC 
camera (Striider et al. 2001) on the ESA XMM-Newton satellite. The VLA 
1.4GHz, the JCMT/SCUBA 850/rm (as a part of SCUBA HAlf-Degree Ex- 
traglactic Survey (SHADES), which will survey two 0.25 deg^ regions of sky 
to depths of 5 mJy r.m.s.), the optical spectroscopy using both the Eaint Ob- 
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ject Camera And Spectrograph (FOCAS; Kashikawa et al. 2002) on Subaru 
Telescope and the 2-degree field spectrograph (2dF; Lewis et al. 2002) on the 
Anglo-Australian Telescope and some near infrared observations using the Si- 
multaneous InfraRed Imager for Unbiased Surveys (SIRIUS; Nagayama et al. 
2001) are being pursued. The SXDS field will be imaged in the U and V 
bands to limiting magnitudes of ~ 27 by the VLTA^IMOS as an ESO Public 
Imaging Survey. The UK Infrared Deep Sky Survey (UKIDSS) Ultra-Deep 
Survey (UDS; Adamson 2001) will use the UKIRT Wide-Field Camera (WF- 
CAM; Casali et al. 2001) to survey an area 0.77 deg^ in the center of the SXDS 
field to depths of J = 25, H = 24, K = 23. The SIRTF Wide-area In- 
fraRed Extragalactic Survey (SWIRE; Lonsdale 2001; Eranceschini & Eons- 
dale 2003) will include a 3 x 3 deg^ region containing the entire SXDS field, 
with both IRAC (Eazio et al. 1998) and MIPS (Heim et al. 1998). Observations 
are also planned with the Balloon-borne Large Aperture Submillimeter Tele- 
scope (BLAST; Scott et al. 2001), which will operate at 350, 450, and 750/rm. 
The combination of these observations will produce an unprecedented study of 
a large enough volume of the Universe to not be subject to cosmic variance. 

2. The survey location 

Our approach makes use of the wide range of currently available observational 
facilities to observe the survey area over the widest possible range of wave- 
length. We therefore chosen the survey field would be accessible and suitable 
for observations at all wavelengths. To permit the deepest possible follow-up 
observations at other wavelengths, the field must have a low Galactic neutral 
hydrogen column density and low Galactic reddening, and should also be rel- 
atively free of bright stars. X-ray sources, and radio sources and should have 
low cirrus emission. The field we chose is centered at 10218—05; its properties 
are described in detail in Table 1 . 



Table 1. Properties of the SXDS field. 



Equatorial coordinates (J2000.0) 
Galactic coordinates 
Ecliptic coordinates 
Galactic reddening 
Neutral hydrogen column 
Cirrus 



02'"18”*00" -05°00'00" 

169°45'32" -59°45'07" 

30°28'12" -17°43'22" 

E{B -V)< 0.04 
Ah I < 2.23 X 10^° cm“^ 
fiooMm < 1.3MJysr“^ 
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3. The survey design 

The X-ray observations were conducted as part of the XMM Survey Science 
Centre (SSC; Watson et al. 2001) guaranteed time. The X-ray survey consists 
of mosaic of 7 partially overlapping pointings of the EPlC-pn camera. The 
nominal exposure times of 100 ksec for the central field, and 50 ksec each for 
the six flanking fields. The image of the central field approaches the confusion 
limit for the XMM-Newton in the soft (0.5-2 ke V) band, while together these 
data form the largest contiguous area over which deep X-ray observations have 
been performed. 

Most of the optical imaging observations were taken as Subaru Telescope’s 
Observatory Key Project. Five Suprime-Cam fields, as indicated in Figure 1, 
were observed to cover a ~ 1.3 deg^ region of sky. Our observations reach 
the limiting magnitudes B = 28.1, R = 27.5, i' = 27.4 &. z' = 26.8 (AB 
magnitude, 3cr detection with 2” aperture). 




Right Ascension (2000) 

Figure 1. The SXDS field. Five pointings of the Suprime-Cam images were combined to 
cover a ~ l.Sdeg^ field centered at R.A. = 02hl8m, decl. = -05d. Circles represent 7 pointings 
of the XMM-Newton observation. 
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4. The survey output 

The output of the SXDS will be an extensive deep multicolour database. It 
will contain ~ 10® extra-galactic objects, as well as a few 10^ galactic ob- 
jects. With ~ 10® galaxies, photometric redshifts will be especially important 
to quantify the evolution of galaxies, detect distant clusters, and select sam- 
ples for detailed spectroscopic study. Combined with the deep near-infrared 
UKIDSS/UDS data, accurate photometric redshift determination will be pos- 
sible for the vast majority of galaxies (Connolly et al. 1997, Massarotti et 
al. 2001, Rowan-Robinson 2003). A detailed description of the X-ray (Ueda 
et al. 2003), the optical imaging (Furusawa et al. 2003), the near-infrared 
imaging (Takata et al. 2003), and the VLA (Rawlings et al. 2003) data will 
be presented in future papers. These data will become available to the world 
astronomy community via the SXDS Web Site in the first half of 2004. 
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Abstract Dusty starbursts were more numerous around 2 ~ 1 than today and appear to be 
responsible for the majority of cosmic star formation over the Hubble time. We 
suggest that they represent a common phase within galaxies in general which is 
triggered by the growth of cosmic structure. 

Keywords: Deep surveys - infrared - galaxy formation 

1. Introduction 

Dusty starbursts producing stars at a rate of about 50 M© yr“^ were very ef- 
ficiently detected by ISOCAM onboard the Infrared Space Observatory (ISO) 
at 15 /rm below z ~ 1.3 where the broad bump due to aromatic features in the 
mid-IR (PAHs, polycyclic aromatic features) remains within the ISOCAM fil- 
ter. These luminous infrared (EIR) galaxies with infrared luminosities greater 
than Lir(8 — 1000 pm) = 10^^ Lq were producing more than thirty times 
their present-day comoving infrared luminosity density at 2 : ~ 1 than today, 
when it is only a few percent of the bolometric luminosity radiated by galaxies 
in the optical to near-infrared (Elbaz et al. 2002, Chary & Elbaz 2001). More 
distant EIR galaxies were detected in the sub-millimeter with SCUBA (Chap- 
man et al. 2003 and references therein), with IR luminosities of several 10^^ 
Lq due to sensitivity limits, but their large number density confirms the same 
trend as observed with ISO, i.e. that the bulk of the cosmic history of star for- 
mation was dominated by dusty star formation and can only be derived when 
carefully accounting for this dusty starbursting phase taking place in most if 
not all galaxies. This is also suggested by the fact that these galaxies con- 
tribute to about two thirds of the cosmic infrared background (CIRB, Elbaz et 
al. 2002), which contains about half or more of the total energy radiated by 
galaxies through the Hubble time, and dominate the cosmic history of star for- 

173 

M. Plionis (ed.), Multiwavelength Cosmology, 173 - 176 . 

© 2004 Kluwer Academic Publishers. Printed in the Netherlands. 



174 



MULTIWAVELENGTH COSMOLOGY 





Figure 1. a) 15 fim versus radio continuum (1.4 GHz) rest-frame luminosities. Small filled 
dots; sample of 109 local galaxies from ISOCAM and NVSS. Filled dots with error bars: 17 
HDFN galaxies (z ~0.7, radio from VLA or WSRT). Open dots with error bars: 7 CFRS-14 
galaxies (z ~0.7, Flores et al. 1999, radio from VLA). Open diamonds: 137 ELAIS galaxies 
(z ~ 0-0.4). a) histogram of the redshift distribution of field (white) and ISOCAM (dark) 
galaxies which belong to redshift peaks as defined by Cohen et al. (2000). 



mation (Chary & Elbaz 2001). Are these galaxies dominated by star formation 
or nuclear activity ? What is triggering their strong activity ? Is it triggered by 
external interactions or did it happen naturally within isolated galaxies ? 

2. Origin of the luminosity of luminous infrared galaxies 
at z=l 

Among the fields surveyed in the mid-IR with ISOCAM, the Hubble Deep 
Field North (HDFN) and its Flanking Fields (total area of 27 arcmiv?), is the 
best one to study the contribution of active galactic nuclei (AGN) to the IR 
luminosity of these FIR galaxies. Thanks to the deepest soft to hard X-ray 
survey ever performed with Chandra in the HDFN, it is possible to pinpoint 
AGNs including those affected by dust extinction. Among a total number of 
95 sources detected at 15 /rm in this field (Aussel et al. 1999, 2003 in prep.; 
with 47 above a completeness limit of 0.1 mJy), only 5 sources were classi- 
fied as AGN dominated on the basis of their X-ray properties (Fadda et al. 
2002). Hence, unless a large number of AGNs are so dust obscured that they 
were even missed with the 2 Megaseconds Chandra survey, the vast majority 
of ISOCAM FIR galaxies are powered by star formation. We are then left with 
the following question: how can one derive a total IR luminosity on the sole 
basis of a mid-IR measurement ? We showed in Flbaz et al. (2002) that in the 
local universe, there exists a very strong correlation between the mid-IR and 
total IR luminosity of galaxies over three decades in luminosity. In order to 
test whether these correlations remain valid up to z ~ 1 , it is possible to use 
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Figure 2. HST-ACS images of LIR galaxies with 1 1 < logfLia/L©) <12 (LIRGs) and z ~ 
0.7. The double-headed arrow indicates the physical size of 50 kpc. The IR luminosity increases 
from left to right and from top to bottom. 



another correlation existing between the radio and total IR luminosity in the 
local universe and check whether both the mid-lR and radio give a consistent 
prediction for the total IR luminosity. In the Fig. la, we have reproduced the 
plot from Elbaz et al. (2002) complemented with galaxies detected within the 
ELAIS survey (Rowan-Robinson et al. 2003). Except at low luminosities were 
the contribution of cirrus to the IR luminosity becomes non negligible, the 1.4 
GHz and 15 rest-frame luminosities are correlated up to z ~ 1 and there- 
fore predict very consistent total IR luminosities from which star formation 
rates as well as the contribution of these objects to the CIRB can be computed, 
leading to the results mentioned in the introduction. 

The next question concerns the physical origin of this dusty starburst phase in 
galaxies (see Elbaz & Cesarsky 2003). In order to address it we have plotted 
in the Eig lb the histogram of the redshift distribution of the ISOCAM galax- 
ies with a spectroscopic redshift and above the completeness limit of 0. 1 mJy 
in the HDEN. Eor comparison, only the redshifts where Cohen et al. (2000) 
found a redshift peak is plotted for field galaxies. One can clearly see that ex- 
cept for 3 ISOCAM galaxies, all are located within these redshift peaks. We 
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have performed Monte-Carlo simulations to compute the probability that a ran- 
dom sample of optical galaxies of the same size than that of ISOCAM galaxies 
would fall in as many redshift peaks and we found that it is of the order of 
one percent, and even less if we restrict ourselves to the biggest redshift peaks 
(Moy et ah, in prep). Is this result in agreement with expectations ? As showed 
by Franceschini et al. (2001), ISOCAM galaxies are relatively massive, hence 
more subject to belong to denser regions. Moreover LIR galaxies are mostly 
triggered by interactions in the local universe and one would naturally expect 
the same to take place in the more distant universe, hence in connection with 
cosmic structure formation. Thanks to the deepest existing survey with the 
ACS camera onboard the HST (GOODS survey, Giavalisco et al. 2003), we 
were able to study the morphology of ISOCAM galaxies in this field centered 
on the HDFN. A first result follows our expectations: most of these galaxies 
present a disturbed morphology and this is truer as a function of increasing 
IR luminosity (see Fig. 2). A second result was less expected: several LIR 
galaxies appear to be relatively big disk galaxies, which could be affected by a 
neighboring dwarf galaxy or a passing-by galaxy but they are not major merg- 
ers in the main phase of interacting. This is a very important result that should 
be carefully considered by authors of galaxy formation simulations. A large 
fraction of present-day stars may originate from a phase of violent star forma- 
tion triggered by passing-by galaxies even within disk galaxies which could 
remain as such in the present-day universe. Another important consequence 
of this type of physical origin for the dusty starburst phase is that there are 
not enough major mergers in simulations to explain the large excess of LIR 
galaxies in the distant universe and the fact that they dominate the cosmic star 
formation history. Indeed each individual galaxy could have experienced sev- 
eral encounters with other galaxies at the time of structure formation which 
would induce a series of bursts of star formation, each of them responsible for 
only a few percent of the final stellar mass of the galaxy. 
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Abstract The Final Analysis of ELAIS 15 pm observations carried out with the ISOCAM 
instrument onboard the ISO satellite is described. 

The production and scientific potential of the resulting catalogue are discussed, 
including the latest enhancements to the employed data reduction technique. 
The catalogue includes about 2000 sources in the 0.5 - 100 mJy flux range over 
an area of about 10 deg^ and is thus the largest non- serendipitous extragalactic 
source catalogue obtained to date from ISO data. 

Keywords: infrared: galaxies - galaxies: formation, evolution, active, starburst - cosmol- 

ogy: observations - methods: data analysis - catalogues. 



1. Introduction 

The IRAS mission (Neugebauer et al. 1984; Soifer et al. 1987) was extremely 
successful in characterizing for the first time the global properties of the mid 
and far infrared sky, leading to relevant discoveries such as Luminous, Ultralu- 
minous and Hyperluminous Infrared Galaxies (LIRGs, ULIRG and HLIRGs, 
respectively), a substantial population of evolving starburts and to the detection 
of large-scale structure in infrared galaxy distribution. 

Although conceived as an observatory-type mission, the Infrared Space Obser- 
vatory (ISO, Kessler et al. 1996) was in many ways the natural successor to 
IRAS, bringing a gain of a factor ~ 1000 in sensitivity and ~ 10 in angular 
resolution. A substantial amount of ISO observing time was therefore devoted 
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to field surveys aimed at detecting faint infrared galaxies down to cosmological 
distances. 

2. ELAIS and its 15 Dataset 

The European Large Area ISO Survey (ELAIS, Oliver et al. 2000; Rowan- 
Robinson et al. 2003) was the most ambitious non-serendipitous survey and 
the largest Open Time project carried out with ISO, aimed at bridging the flux 
gap between IRAS all-sky survey and ISO deeper surveys mapping areas of 
about 10 deg^ at 15 and 90 /rm and smaller areas at 7 and 170 /rm with the 
ISOCAM (Cesarsky et al. 1996) and ISOPHOT (Lemke et al. 1996) cameras. 
Thanks to an extensive multi-wavelength coverage, the ELAIS fields have now 
become fhe best studied sky areas of their size, and natural targets of on-going 
or planned large-area surveys with the most powerful ground and space-based 
facilities. 

The ELAIS 15 /xm main dataset covers a total area of about 10 deg^ divided 
into 4 fields, one (SI) in the southern hemisphere and three (Nl, N2 and N3) 
in the northern one. The fields were selecfed on the basis of their high Ecliptic 
latitude (|/3| > 40°, to reduce the impact of Zodiacal dust emission), low cirrus 
emission (/looxtm <1-5 MJy/sr) and absence of any bright (5i2^m > 0.6 Jy) 
IRAS 12 /xm source. 

3. Data Reduction 

Reduction of data obtained with ISO instrumentation has always proved very 
difficult for a number of reasons. As far as ISOCAM observations carried out 
using its Long Wavelength (LW) detector are concerned, the two most impor- 
tant instrumental phenomena one has to deal with are the qualitatively very dif- 
ferent effects produced on the detector’s electronics by the frequent and severe 
cosmic ray impacts, which have long been known and referred to as glitches, 
and its sizable transient behaviours after changes in the incident photon flux, 
which we will hereafter simply refer to as transients. In both cases, the cryo- 
genic operational temperatures of the detector caused it to very slowly respond 
after these events. Lack of an accurate modeling of these effects can lead to 
incompleteness, spurious detections and errors in flux determination. 

The data reduction described here was carried out using the LARI method ( 
Lari et al. 2001; Lari et al. 2003a; Vaccari et al. 2003), a technique developed 
to overcome these difficulties and provide a fully-interactive technique for the 
reduction and analysis of ISOCAM and ISOPHOT data, particularly suited for 
the detection of faint sources and thus for the full exploitation of their scientific 
potential. The method describes the sequence of readouts, or time history, of 
each pixel of ISOCAM LW detector in terms of a mathematical model for the 
charge release towards the contacts. Such a model is based on the assumption 
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of the existence, in each pixel, of two charge reservoirs, a short-lived one Qi, 
(breve) and a long-lived one Qi (lunga), evolving independently with a differ- 
ent time constant and fed by both the photon flux and the cosmic rays. The 
method was refined with respect to the technique originally used by Lari et al. 
2001 for the reduction of the SI field only. Thus, a reduction of all ELAIS 
fields using this improved method seemed appropriate and was carried out. 

4. Simulations 

Due to the peculiar nature of the data reduction method we make use of, one 
would like to carefully test its performance on "ideal" data and sources. Be- 
sides, systematic effects on flux estimates related to the data reduction method 
can only be probed by these means. However, due to the corresponding strong 
peculiarities of our dataset, characterized by several noise features on differ- 
ent time scales, only real data can be taken as representative of instrumental 
behaviour. Therefore, the effects of additional sources must be somehow sim- 
ulated on the top of real pixel time histories and data reduction must then be 
carried out exactly as done for real sources. Quite suitably, as already men- 
tioned, based as it is on a mathematical model, the LARI method offers a 
straightforward way to model the additional signal produced on real time his- 
tories by such additional sources. On this basis, an extensive set of simulations 
was carried out (and reduced exactly as done with real data) to assess the ef- 
fects on flux estimates and the overall performance of data reduction. Such 
simulations allowed to assess the completeness and astrometric/photometric 
accuracy of our catalogue. 

5. Optical/NIR Identifications 

Optical and NIR identifications of our sources were carried out on a wide va- 
riety of observational data (both taken from data archives and taken by collab- 
orators) to distinguish between stellar and galaxy-like sources, independently 
assess the astrometric and photometric accuracy and accurately calibrate our 
photometry in an absolute way on the basis of predicted vs. measured MIR 
stellar fluxes. Together with available spectroscopy, this allows relevant stud- 
ies of MlR-selected populations to be carried out on large samples (Gonzalez- 
Solares et al. 2003; La Franca et al. 2003). 

6. The Catalogue 

The ELAIS 15 /rm Final Analysis catalogue contains about 2000 sources de- 
tected with a S/N greater than 5 in the four fields Nl, N2, N3 and SI, total- 
ing an area of about 10 deg^. The catalogue (which will become available 
at http://web.pd.astro.it/poe/elais) makes up the backbone of the 
"ELAIS Final Catalogue", summarizing the results from the several ELAIS 
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multi-wavelength observational campaigns carried out in the past few years ( 
Rowan-Robinson et al. 2003). 

7. Conclusions 

A technique for ISO-CAM/PHOT data reduction, the LARI method, was re- 
fined and applied to ELAIS 15 /rm main fields. The mefhod now allows a 
subsfanlially more robusf and quicker dafa reducfion fhan originally presenfed 
in Lari ef al. 2001. Ifs applicafion, in ifs new form, fo fhe four fields compos- 
ing fhe dafasef (including a re-reducfion of S 1 observations already presenfed 
in Lari ef al. 2001) has produced a cafalogue of abouf 2000 sources, defected 
wifh a S/N ratio greater fhan 5 over a fofal area of 10.18 deg^. Source fluxes 
span fhe 0.5 - 100 mJy range, filling fhe exisfing gap befween fhe Deep ISO- 
CAM Surveys and fhe fainl end of IRAS All Sky Survey. The asfromefric and 
phofomefric accuracy as well as fhe complefeness of fhe cafalogue have been 
fesfed fhrough simulafions. 
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Abstract 

We present the results from the spectroscopic identifications of the ELAIS sources 
in the southern fields SI and S2. Two main extragalactic classes have been 
found: 2<0.5 star-forming galaxies (~75%), and AGN (~25%). ~20% are dust 
enshrouded starburst galaxies [e(a) spectra]. All the galaxies appear more dust 
extincted in the optical than nearby normal galaxies. The evolution of galaxies 
is fitted by a strong evolution for only a fraction of the whole population. AGNl 
evolves according to a pure luminosity evolution, while no evolution is found 
for the AGN2. 



1. Introduction 

The extragalactic background light shows that the emission from galaxies at 
infrared and suh-mm wavelengths is an energetically significant component of 
the Universe. This emission originates from star-formation activity and ac- 
tive galactic nuclei (AGN). The precise contrihution from each type of activity 
is still debated. In particular, data from deep ISO surveys seem to require 
strong evolution for galaxies emitting in the infrared wavebands. This result, 
supported also by the detection of a substantial cosmic Infrared Background 
(CIRB) in the 140 /rm - 1 mm range (see Lagache et al. 1999), has stim- 
ulated the development of several evolutionary models for IR galaxies. All 
these models, can marginally fit the IR/sub-millimeter source counts and the 
CIRB, but suffer of parameter degeneracy and none of them is based on a lo- 
cal luminosity function (LF) obtained from 15-/im data, being all extrapolated 
from different IR wavelengths (12, 25, 60 /rm). So far, complete spectroscopic 
samples of 15-/rm sources have been obtained only in small fields (i.e. HDF-N 
and HDF-S), loo small and loo deep lo allow Ihe sludy of Ihe local LF. 
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Figure 1. The observed 15-/rm source 
counts of the extragalactic sources (galax- 
ies and AGN) from ELAIS-Sl. 
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Figure 2. Li^/Ln as a function of L 15 
from ELAIS-Sl. 



Here we present an analysis of the 15-/im LF of AGN and galaxies derived 
from the spectroscopic identifications of the southern fields of the European 
Large Area ISO Survey (ELAIS): the regions SI and S2. These results are 
(and will be) published by Pozzi et al. (2003), La Eranca et al. (2003), Pozzi 
et al. (in prep), and Matute et al. (in prep). 

2. The sample 

The ELAIS (Oliver et al. 2000), with its broad flux range (0.5 < Si^^m <150) 
and several thousand sources detected over a ~12 deg^ area (Rowan-Robinson 
et al. 2003), is the crucial survey to investigate the nature and evolution of the 
MIR sources in the region where the source counts start diverging from the 
non-evolution predictions (a few mJy at 15-/rm; Elbaz et al. 1999; Gruppioni 
et al. 2002). The southern field SI (a(2000) = 00^ 34”" 44.4^ 5(2000) = -43° 
28' 12") covers an area of 2° x2°, while S2 (a(2000) = 05^" 02”" 24.5^ 5(2000) 
= -30° 36' 0") covers an area of 21'x21'. The 15-/rm catalogs obtained in the 

51 and S2 fields are given by Lari et al. (2001) and Pozzi et al. (2003), re- 
spectively. The source counts have been presented by Gruppioni et al. (2002). 
The results of the optical identifications and spectroscopy analysis for S 1 and 

52 are given in La Eranca et al. (2003) and Pozzi et al. (2003) respectively. 
Matute et al. (2002) has presented a first estimate of the evolution of AGN 1 . 
SI contains 462 15-/rm sources of which 406 form a complete and highly re- 
liable sub-sample. ~80% sources were optically identified (R<23.0). Spec- 
troscopic identifications were obtained for ~89% of the optically identified 
sources. Two main spectroscopic classes have been found: z<0.5 star-forming 
galaxies (~75%; from absorbed to extreme starbursts: Lmir^ 10®-10^^ Lq), 
and AGN (both type 1 and 2), which account for ~25% of the sources. About 
20% of the extragalactic sources are dust-enshrouded starburst galaxies [e(a) 
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Figure 3. The 15-/jm LF for the two 
galaxy classes, plus the extrapolation to the 
redshift interval of the HDF-N survey. 




[mjy] 



Figure 4. Comparison of model predic- 
tion and observed 15-^m source counts. 



spectra], and all the starburst galaxies appear more dust extincted in the opti- 
cal than nearby normal galaxies. S2 contains 43 sources, ~90% sources were 
optically identified and ~70% of the optically identified sources were spec- 
troscopically identified. The counfs for galaxies and AGNs have been derived 
(Figure 1). All fhe ELAIS exfragalacfic sources af fluxes S'i5^m>0.6 mJy con- 
fribufe fo ~12% fo fhe CIRB. We found fhaf fhe average opfical-lR SED of 
galaxies is luminosify dependenf: were more luminous galaxies have larger 
Li^/Lopt rafio (Eigure 2; Ea Eranca el ah, 2003). 

3. The evolution of galaxies and AGN 

To sludy fhe 15-/rm EE of galaxies and ils evolution, we used a high reliable 
subsample of 153 galaxies from SI and S2, wilh redshifl z<0A. We have as- 
sumed a modified Schechler EE 4^{L, z) (see Saunders el al. 1990), and Iwo 
populations for fhe evolving galaxies: fhe sfarbursls wilh log(Li5^m/2^R) 0.4, 
and fhe normal (cirrus) galaxies wilh log(Li5^m/2^R)<— 0.4. The shape of 
fhe observed source counfs (Euclidean from IRAS fo a few mJy, followed 
by a sharp uplurn al fainler fluxes) favors fhe hypolhesis of slrong evolulion 
for only a fraction of fhe whole populalion, wilh fhe remaining galaxies giv- 
ing rise fo fhe Euclidean behavior. We have Ihus conslrained our model by 
assuming lhal fhe cirrus populalion does nol evolve, while allowing fhe ac- 
live galaxies (slarbursl) fo evolve bolh in densily and in luminosify, according 
fo (f){L,z) = g{z)4>{L/f{z),0), parameterizing fhe Iwo evolutions wilh Iwo 
power-laws: g{z) = (1 + z)^<^ and f{z) = (1 + z)^F We found an evolution 
for fhe active population of ~(1 + z)^'^ bolh in densily and in luminosity up 
lo Zbreak^^ (Pozzi el al. in prep.). Eigure 3 shows Ihe filled EE, while Ihe 
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Figure 5. Luminosity function of AGN 1 . 



Figure 6. Luminosity function of AGN2. 



comparison of model predictions and observed 15-/xm source counts is shown 
in Figure 4. 

The analysis of the evolution of AGN was based on 27 AGN 1 and 25 AGN2 
contained in the SI and S2 samples. We combined our data with a local sam- 
ple of 41 AGNl and 50 AGN2 belonging to the sample of IRAS galaxies 
with 5i2/^m>300 mJy, from Rush, Malkan and Spinoglio (RMS; 1993). The 
adopted shape of the LF was a classical 2 power law evolving according to a 
pure luminosity evolution (PLE) model Li 5 (z) = Li5(0)(l + z)^^ (seeMatute 
et al. 2002). We allowed a flattening of the faint slope a with redshift. In Fig- 
ure 5 and 6 the LF of AGNl and AGN2 are shown (errorbars correspond to 
la confidence level). We found a luminosity evolution for AGNl of (1 -|- z)^'® 
up to z=2, while the faint slope flattens from 1.2 at z=0 to 0.4 at z=l.2. No 
evolution was found for the AGN2 population (Matute et al. in prep). 
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Abstract We investigate the properties of a large sample of extremely red objects (~ 500 
EROs) based on deep optical and IR datasets from the CDF-South and HDFs. 
The ERO’s surface density is consistent with a monolithic model where ellipti- 
cals form between 2 < Zform < 2.5, while semi-analytic models (SAM) un- 
derestimate the density by a factor of 2 to 10. Additional observations (cluster- 
ing and comoving number density), independent of color modeling, are in good 
agreement with the expected properties of ellipticals in a hierarchical ACDM 
scenario. This comparison can suggest that SAM provide good predictions for 
the dark matter haloes assembling while it cannot describe the baryon assem- 
bling (star formation) of this extreme population. 

Finally, we speculate about the descendants and ancestors of EROs. In the 
framework of CDM paradigm, the EROs could be the already assembled pro- 
genitors of local ellipticals. The brightest population of Lyman Break Galaxies 
at z ~ 3 could go through an ERO stage, while it should not be the case for the 
bulk of the LBGs (faintest samples) unless they undergo major merging events 
between 2 ~ 3 and 2 ~ 1. 

Keywords: Cosmology: elliptical galaxies - evolution - large-scale structure 

1. The surface density of EROs 

The extremely red objects have colors consistent with passive ellipticals ob- 
served at z > 1. Therefore they could provide constraints for the two com- 
peting models involved in the formation of elliptical galaxies: the hierarchi- 
cal model where ellipticals form recently through mergers and the monolithic 
model where ellipticals form at high-z and evolve passively up to now. To 
investigate some of these issues, we have selected a sample of EROs in the 
optical-infrared datasets of the Chandra Deep Field South carried out by the 
ESO Imaging Survey project and the HDF-North and South. The CDFS cov- 
ers a unique area of ~ 300 sq. arcmin up to Kyega ~ 20.5. The HDFs allow 
us to enlarge the magnitude baseline up to Kyega ~ 22 in order to probe 
ellipticals with L > L*/6.5 up to z ~ 1.7. 

In Figure 1, we show the cumulative surface densities of EROs as a func- 
tion of the K magnitude with {R — K) >5.3 (left panel) and {R — K) >6 
(right panel). Our results agree with other previous estimates. We have mod- 
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Figure 1. Surface density of EROs with [R — K) > 5.3 — 6 (right and left panel resp.) 

eled the ERO’s density by adopting the local IR luminosity function of ellip- 
ticals and a pure luminosity evolution with short bursts at formation epochs 
2 < Zform < 3. Since the EROs sample consists of a mix population of ellipti- 
cals and dusty star-forming galaxies with still uncertain fraction (see Cimatti’s 
contribution), the hatched regions in Eig 1 show the density of ellipticals as- 
suming 30% to 70% of the whole sample. Eor both samples, a redshift of 
formation for ellipticals between 2 < z/orm < 2.5 provide good fits while 
higher Zform seem excluded. We also show the prediction of the semi analytic 
model from Cole et al. (2000). This model underpredicts the density by a fac- 
tor of 2 to 10. This result suggests that either hierarchical model underpredicts 
massive galaxies at z > 1 or that the semi-analytic recipes for the star forma- 
tion treatment should be improved. The first point can be tested by measuring 
the clustering properties of EROs and compared with the elliptical prediction 
in SAM which is independent of the IR-optical colors. 

2. The clustering and comoving density of EROs 

In Eigure 2(a), we show the correlation lengths (7?o) for different color and 
magnitude cuts of the ERO’s sample which is more than one magnitude deeper 
than previous works. Note that the Rq values are sensitive to: (a) the adopted 
N{z). We use the PEE model with Zform = 2.5, consistent with Cimatti et 
ah, 2002 (spectroscopic sample at iT < 19.2); (b) the contamination by dusty 
star-forming galaxies which could slightly decrease the signal. 

In Eigure 2(b), we show the comoving number densities. The hatched region 
shows the 30 to 70% fraction of pure ellipticals. 

A comparison with local elliptical galaxies from Willmer et al. (1998) shows 
that EROs have similar clustering amplitudes and comoving densities than lo- 
cal ellipticals. Our results are compared with the elliptical’s sample as defined 



Properties of a large sample ofERO’s 



187 




Z 




Z 



Figure 2. Correlation lengths (left panel) and comoving density of EROs (right panel) 

in the SAM from Kauffmann et al. (1999, red long dashed lines). This sample 
shows no decline in the correlation length with redshift and have similar am- 
plitude than the EROs at z ~ 1.5. The old-ERO’s comoving number densities 
also agree with the expected density derived in the SAM from Kauffmann et 
al (1999). This supports the hypothesis that hierarchical models can predict 
where and when the ellipticals form while they cannot reproduce the evolution 
of their stellar content. 

3. The ancestors and descendants of EROs 

Einally we address the issue of the link between the EROs and other popula- 
tions at different redshifts. Are EROs the progenitors of present-day ellipticals 
and/or the descendants of LBGs at z ~ 3 ? To get a hint, we use analytic 
models in the framework of CDM paradigm to connect the clustering, the co- 
moving number density and the bias at different z as a function of a minimum 
dark mass threshold (Arnouts et ah, 1999; Moustakas & Somerville, 2002). In 
Eigure 3, we plot the properties of the local ellipticals, the EROs (z r\j 1.5) 
and the EBGs from Adelberger et al. (2003, filled dark triangles) and from 
Eoucaud et al. (2003; filled hexagons; see Eoucaud’s contribution). The mini- 
mum DMH ranges are fixed for each populafion according fo fheir Rq values. 
We find for local ellipficals and 10^^ ®“^^ “^ Mq for EROs. Eor 

fhe LBGs we use corresponding fo fhe fwo fainlesl LBG sam- 

ples. The evolution wifh z of fhese fhree DMH ranges are shown by differenl 
hafched regions. The high mass values obfained for fhe EROs show fhaf EROs 
should be locafed in dense regions of fhe dark matter af z > 1. Similar masses 
are found for fhe local ellipficals supporting fhe idea fhaf EROs could be fhe 
already assembled progenifors of local ellipficals. The brighfesf population of 
LBG al z ~ 3 occupy similar DMH masses lhan EROs and local ellipficals and 
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Figure 3 Drawing back and 
forward the redshift evolution 
of EROs as compared with 
local ellipticals and LBGs at 
« ~ 3. The panels show 
the redshift evolution of the 
comoving correlation lengths 
(top), the comoving number 
density (middle) and the lin- 
ear bias (bottom). Obser- 
vations are compared with 
CDM haloes predictions se- 
lected with a fixed minimum 
mass. The minimum mass 
ranges are fixed for each pop- 
ulation according to their Ro 
values (see text). 



have a comoving density consistent with the expected density of such a DMH. 
Therefore the brightest LBGs could go through an ERO stage. In contrast, the 
bulk of the LBGs (the two faintest samples) occupy smaller DMH and should 
not follow the same behavior than their bright counterpart unless they undergo 
major merging events between z ~ 3 to z ~ 1. 
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Abstract I discuss the role that X-ray galaxy clusters plays in the determination of cos- 
mological parameter. In particular I focus the discussion on the evolution of the 
cluster mass function for the determination of the density parameter and the 

normalization of the power spectrum erg. Available constraints indicate that 
lies in the range 0. 2-0.5, with erg ~ 0. 7-0.8 for Q.m = 0.3. I emphasize that 
the ability of clusters to provide such constraints is determined by the possibility 
of relating X-ray observable quantities to the cluster mass and, therefore, to our 
understanding of the physical processes which determine the properties of the 
ICM. I finally discuss the relevance that hydrodynamical simulations of clusters 
can play to understand the ICM physics and to calibrate mass estimates from 
X-ray observational quantities. 

Keywords: Cosmologymumerical simulations - galaxiesxlusters - hydrodynamics - X- 

ray:galaxies 



1. Introduction 

Clusters of galaxies probe the high-density tail of the cosmic density field 
and their number density is highly sensitive to specific cosmological scenarios 
(e.g. Press & Schechfer 1974). The mass funclion of galaxy clusfers and ifs 
evolution is currenfly used fo measure fhe amplifude of densify perfurbafions 
on ~ 10 Mpe scales and fo place consfrainfs on fhe value of fhe matter densify 
paramefer 17^ (e g- Oukbir & Blanchard 1992; Eke ef al. 1998; Borgani ef al. 
2001). In fhis way, probing fhe evolufion of fhe populafion of galaxy clusfers 
provides a sensitive probe of fhe cosmological scenario, which is infrinsically 
and concepfually complemenfary fo fhaf provided by observations of fhe CMB 
anisofropies (e.g., Spergel ef al. 2003). However, whaf cosmological models 
predief is fhe number densify of clusfers of a given mass af varying redshiffs. 
On fhe ofher hand, fhe clusfer mass is never a direcfly observable quanfify, 
alfhough several mefhods exisf fo esfimafe if from observations. 
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The ROSAT All-Sky Survey and deep PSPC and HRI ROSAT pointings have 
offered during the last decade a unique means to compile extended samples 
of X-ray clusters from redshift 0.1, out to z ~ 1.3, with well defined se- 
lection functions (see Rosati, Borgani & Norman 2002, for a recent review). 
While these samples have been already used to probe the evolution of the clus- 
ter population over a fairly large redshift baseline, forthcoming surveys based 
on XMM-Newton and Chandra data will further contribute to substantially 
enlarge the statistics of distant clusters. 

As of today, the availability of robust relations between cluster masses and X- 
ray observable quantities represents the main source of uncertainty for using 
cluster as tools for precision cosmology. For instance, the X-ray luminosity. 
Lx, is highly sensitive to the details of the gas distribution, to the overall dy- 
namical status of clusters and to the structure of their central cooling regions. 
At the same time, the presence of unresolved temperature profiles and/or local 
violation of the condition of hydrostatic equilibrium, may introduce significant 
uncertainties in the relation between T and the cluster mass M. This calls for 
the need of understanding in detail the physical processes, which are relevant 
for establishing the observational properties of clusters. 

Among such processes, radiative cooling and heating of the intra-cluster medium 
(ICM) from supernova and AGN are already known to play important roles in 
determining the thermodynamical properties of the gas and, therefore, its emis- 
sivity and temperature. In this respect, hydrodynamical simulations of clusters 
represent now invaluable tools to treat such complex physical processes and 
to shed light on the interplay between the cosmological framework, which de- 
fines the pattern of cluster formation, and the astrophysical processes, which 
determine the X-ray observational properties of the ICM. 

In the first part of this contribution, I will discuss how the evolution of the clus- 
ter population can be used to place constraints on cosmology, and the level of 
uncertainty in the determination of cosmological parameter, which is associ- 
ated to the uncertainty in the knowledge of the ICM properties. In the second 
part I will show examples of how large hydrodynamical simulations of galaxy 
clusters and groups can be used to make progress in the description of the ICM 
physics. 

2. Cosmology with galaxy clusters 

The mass distribution of dark matter halos undergoing spherical collapse in the 
framework of hierarchical clustering is described by the Press-Schechter dis- 
tribution (PS, Press (feSchechter 1974). The number of such halos in the mass 
range [M, M -|- dM] can be written as n(M, z)dM = p M f{u) [dv/dM) 
dM where p is the cosmic mean density. The function / depends only on the 
variable u = 6c{z)jaM- ^c{z) is the linear-theory overdensity extrapolated 
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Figure 1. The sensitivity of the cluster mass function to cosmological models. Left: the 
cumulative mass function at z = 0 for M > 5 x Mq for three cosmologies, as 

a function of erg, with shape parameter F = 0.2; solid line: flm = 1; short-dashed line: 
= 0.3, Qa ~ 0.7; long-dashed line: Flrn ~ 0.3, Qa = 0. The shaded area indicates 
the observational uncertainty in the determination of the local cluster space density. Right: 
Evolution of n(> M, z) for the same cosmologies and the same mass-limit, with ag = 0.5 for 
the flm = 1 case and ag = 0.8 for the low-density models. 



to the present time for a uniform spherical fluctuation collapsing at redshift z, 
which depends on cosmology through the growth factor for linear density fluc- 
tuations (Sc = 1.68(1 -|- z) for an Einstein-de Sitter cosmology). The r.m.s. 
density fluctuation at the mass scale M, au, is connected to the fluctuation 
power spectrum, P{k), whose normalization is usually expressed in terms of 
as, the r.m.s. density fluctuation within a top-hat sphere of 8 /i“^Mpc radius. 
In their original derivation of the cosmological mass function, Press & Sche- 
chter (1974) obtained the expression f{u) = (27r)“^/^ exp(— 1/^/2) for Gaus- 
sian density fluctuations. Despite its subtle simplicity, the PS mass function 
has served for more than a decade as a guide to constrain cosmological pa- 
rameters from the mass function of galaxy clusters. Only with the advent of 
the last generation of N-body simulations, which are able to span a very large 
dynamical range, significant deviations of the PS expression from the exact nu- 
merical description of gravitational clustering have been noticed (e.g. Jenkins 
et al. 2001, Evrard et al. 2002; White 2002). Such deviations are interpreted 
in terms of corrections to the PS approach, e.g. by incorporating the effects of 
non-spherical collapse (Sheth & Tormen 1999). 1 show in Eigure 1 how the 
mass function can be used to constrain cosmological models. In the left panel 
1 show that, for a fixed value of the observed cluster mass function, the im- 
plied value of as increases as the density parameter decreases. Determinations 
of the cluster mass function in the local Universe using a variety of samples 
and methods indicate that ag^m — — 0.6 , where a ~ 0.4 — 0.6, almost 

independent of the presence of a cosmological constant term providing spatial 
flatness (e.g. Ikebe et al. 2002; Pierpaoli et al. 2003, and references therein). 
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The growth rate of the density perturbations depends primarily on Vim and, to 
a lesser extent, on Vl\, at least out to z ~ 1, where the evolution of the cluster 
population is currently studied. Therefore, following the evolution of the clus- 
ter space density over a large redshift baseline, one can break the degeneracy 
between ag and Vim- This is shown in the right panel of Figure 1: models with 
different values of Vim, which are normalized to yield the same number density 
of nearby clusters, predict cumulative mass functions that progressively differ 
by up to orders of magnitude at increasing redshifts. 

A commonly adopted procedure to estimate cluster masses is based on the 
measurement of the temperature of the ICM. Based on the assumption that gas 
and dark matter particles share the same dynamics within the cluster potential 
well, the temperature T and the velocity dispersion are connected by the 
relation ksT = jS^mpa"^, where j3 = 1 would correspond to the case of a 
perfectly thermalized gas. If we assume spherical symmetry, hydrostatic equi- 
librium and isothermality of the gas, the solution of the equation of hydrostatic 
equilibrium provides the link between the total cluster virial mass, Mvir, and 
the ICM temperature: ksT oc M'^l^[Vlm^vir{z)]^^^{l + z)keV ., where 
^vir{z) is the ratio between the average density within the virial radius and 
the mean cosmic density at redshift z. The above expression for the mass- 
temperature relation is fairly consistent with hydrodynamical cluster simula- 
tions with 0.9^ (3'^ 1.3 (e.g. Bryan & Norman 1998, Frenk et al. 2000). Ob- 

2/3 

servational data on the Mvir-T relation show consistency with the T oc 
scaling law, at least for 3 keV clusters, but with a ~40% lower normaliza- 
tion (e.g., Finoguenov et al. 2001). We will discuss in the next section possible 
reasons for this difference between the observed and the simulated M-T rela- 
tion. In any case, such uncertainties in the correct value of the normalization of 
the M-T relation translates into an uncertain determination of ag (for a fixed 
value of Vim)- the higher this normalization, the larger the mass corresponding 
to a given temperature, the larger the value of ag required for the predicted 
mass function to match the observed X-ray temperature function (XTF; e.g., 
Pierpaoli et al. 2003; Seljak et al. 2002). In Figure 2 we show the analysis 
by Pierpaoli et al. (2003), who quantified the change in ag (for Vim = 0.3) 
induced by varying the M-T normalization. 

Another method to trace the evolution of the cluster number density is based 
on the XLF. The advantage of using X-ray luminosity as a tracer of the mass 
is that Lx is measured for a much larger number of clusters within samples 
well-defined selection properties. The most recent flux-limited cluster sam- 
ples contain now a large (~ 100) number of objects, which are homogeneously 
identified over a broad redshift baseline, out to z ~ 1.3. A useful parame- 
terization for the relation between temperature and bolometric luminosity is 
Lhol ZC Tf (1 + z)^{dL{z)/dL,Eds{ z))"^, with dL{z) the luminosity-distance 
at redshift z for a given cosmology. Independent analyses of nearby clusters 
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Figure 2 The dependence of 
as on the value of the M- 
T normalization. Here the 
density parameter is fixed at 
= 0.3 (from Pierpaoli et 
al. 2003). 



with Tx~ 2 keV consistently show that a ~ 2.5-3 (e.g. Arnaud & Evrard 
1999 and references therein), with no evidence for a strong evolution out to 
1 (e.g., Ettori et al. 2003; cf. also Vikhlinin et al. 2002). 

In Eigure 3 we show the constraints on the as-^m plane obtained from the 
ROSAT Deep Cluster Survey (Borgani et al. 2001; Rosati et al. 2002). The 
different panels report the effect of changing in different ways the parameters 
defining the M-Lx relation, such as the slope a and the evolution A of the 
Lx-T relation, the normalization (5 of the M-T relation, and the overall scat- 
ter A.m-Lx ■ Figure 3 demonstrates that firm conclusions abouf fhe value of 
fhe mailer densily parameler can be drawn from available samples of X- 
ray cluslers. In keeping wilh mosl of fhe analyses in fhe lileralure, based on 
independenl melhods, a crilical densily model cannol be reconciled wilh dala. 
Specifically, Dm < 0.5 al 3fj level even wilhin Ihe full range of currenl un- 
cerlainlies in Ihe relation belween mass and X-ray luminosity. However, Ihe 
resulls shown in Eig. 3 also demonslrale lhal conslrainls in Ihe ag-^m may 
change by changing Ihe Ihe M-Lx relation wilhin currenl uncertainties, by an 
amounl which is al leasl as large as Ihe slalislical uncertainties. This emphasize 
lhal Ihe main obslacle toward a precision estimate of cosmological parameter 
wilh forlhcoming large cluster surveys will lie in Ihe syslemalics uncertainties 
in our description of Ihe ICM properties, ralher lhan in Ihe limited slalislics of 
dislanl clusters. 



3. Hydrodynamical simulations of clusters 

I presenl here resulls from a large cosmological hydrodynamical simulation of 
concordance ACDM model (Dm = 1 — Da = 0.3, ^bar = 0.04, h = 0.7, 
ag = 0.8) wilhin a box of 192 /i“^Mpc on a side, using 480^ dark mailer and 
an equal number of gas particles, and a Plummer-equivalenl softening for Ihe 
compulation of Ihe gravilalional force of 7.5/i“^kpc (Borgani el al. 2003). The 
run has been realized using GADGET, a massively parallel free N-body/SPH 
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Figure 3. Probability contours in the ag-flm, plane from the evolution of the X-ray luminosity 
distribution of RDCS clusters. Different panels refer to different ways of changing the relation 
between cluster virial mass, M, and X-ray luminosity, Lx, within theoretical and observational 
uncertainties. The upper left panel shows the analysis corresponding to the choice of a reference 
parameter set. In each panel, we indicate the parameters which are varied, with the dotted 
contours always showing the reference analysis. 




Figure 4. Left panel: map of the gas density over the whole simulation box at 2 = 0, projected 

through a slice having thickness of 12 h“^Mpc, and containing the most massive cluster found 
in the simulation (upper right side of the panel). Right panel: zoom into the region of the largest 
cluster; the cluster is shown out to two virial radii. 

code, which treats radiative cooling, star formation from a multiphase ISM 
and the effect of galactic winds (Springel & Hernquist 2003). 

In the left panel of Figure 4, we show a map of the gas distribution at z = 0. 
The panel on the right shows the gas distribution around the most massive clus- 
ter found in the simulation and represents a zoom-in of the whole simulation 
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box by about a factor of 20. The amount of small-scale detail which is vis- 
ible in the zoom-in of the right panel demonstrates the large dynamic range 
encompassed by the hydrodynamic treatment of the gas in our simulation. 

We show in Figure Figure 5 the comparison between the simulated and the 
observed M-T relation. The left panel demonstrates that cooling in our sim- 
ulation is not effective in reducing the M-T normalization to the observed 
level. In this panel, our results are compared to those by Finoguenov et al. 
(2001). Making a log-log least square fitting to the relation log(M5oo/T7o) = 
alog(T 5 oo/keV), weobtaina = 1.59±0.05 andMg = (2.5±0.1) 

Therefore, the normalization of our relation at 1 keV turns out to be higher by 
about 20 per cent than the observed one. The intrinsic scatter around the best- 
fitting relation is AM/M = 0.16. 

A critical issue in this comparison concerns the different procedure used for es- 
timating masses in simulations and in observations. For instance, Finoguenov 
et al. (2001) estimate masses by applying the equation of hydrostatic equilib- 
rium, assuming a /3-model for the gas density profile and a polyfropic equafion 
of sfafe of fhe form T oc . In order fo verify whefher such a procedure 
leads fo a biased esfimafe of cluster masses, we follow fhis same procedure fo 
esfimafe masses of simulated clusfers. For each clusfer, we fil fhe gas densify 
profile fo fhe /3-model, while femperafure and gas-densify profiles are filled 
fo a polyfropic equafion of sfafe. As shown in fhe cenlral panel of Fig. 5, fhe 
effecl of using such a mass eslimalor is lhal of lowering fhe normalizalion of 
fhe M-T relation and fo bring if info better agreemenl wilh observations. 
Allen ef al. (2001) used Chandra dala fo resolve femperafure profiles for hoi 
relaxed clusfers and avoided fhe assumption of a /3-model for fhe gas densify 
profile. In fhis way, fhe resulting M-T relalion from Iheir analysis can be di- 
reclly compared fo fhe simulation resull based on fhe “Irue” clusfer masses. 
The resulting besl-filling M 2500 -T 2500 relalion is plotted as a dashed line in 
fhe righl panel of Fig. 5 and compared fo fhe resulls of our simulation. If is 
quite remarkable lhal fhe simulation resulls now agree wilh observafions on 
fhe M-T relation. Slill, fhis resull suggesls lhal observed and simulaled M-T 
relalions agree wilh each olher when high-qualily observalional dala are used 
which accurately resolves fhe surface-brighlness profile and fhe femperafure 
slruclure of clusters. Thanks to the good statistics offered by our simulation, a 
reliable calibration of the scatter expected in the M-T relation can be obtained. 
We suggest that this calibration should be used for the determination of cos- 
mological parameters from the XTF and XLF. This shows the importance of a 
precise calibration of the relations between theory-predicted mass and X-ray 
observed quantities, and highlights the important role that large cosmological 
simulations can play in understanding the systematics involved. 
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Figure 5. Comparison between the observed and the simulated M-T relation. Left and 
central panels refer to the relation at pj pc = 500. In the left panel we compare the results from 
Finoguenov et al. (2001) to the true total masses of simulated clusters. In the central panel, 
cluster masses are estimated by assuming a /3-model and a polytropic equation of state in the 
solution of the equation of hydrostatic equilibrium. In the right panel the simulation results at 
p! pc = 2500 are compared to the relation found by Allen et al. (2001) from Chandra for hot 
relaxed clusters (dashed line); the dot-dashed line is our best-fit to the clusters with T 2500 > 2 
keV. 
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Abstract We perform n-body simulations for models with a DE component. Besides of 
DE with constant negative w = p/ p > —1, we consider DE due to scalar fields, 
self-interacting through RP or SUGRA potentials. According to our post-linear 
analysis, at z = 0, DM power spectra and halo mass functions do not depend 
on DE nature. This is welcome, as ACDM fits observations. Halo profiles, 
instead, are denser than ACDM. For example, the density at 10 /i“^kpc of a DE 
~ IO^^ALq halo exceeds ACDM by ~ 40%. Differences, therefore, are small 
but, however, DE does not ease the problem with cuspy DM profiles. On the 
contrary it could ease the discrepancy between ACDM and strong lensing data 
(Bertelmann 1998, 2002). We study also subhalos and find that, at 2 = 0, the 
number of satellites coincides in all DE models. At higher z, DE models show 
increasing differences from ACDM and among themselves; this is the obvious 
pattern to distinguish between different DE state equations. 

Keywords: Audio quality measurements, perceptual measurement techniques 

1. Introduction 

Deep survey and CBR data confirm that ~ 70 % of the world is Dark En- 
ergy (see, e.g., Efstathiou et al 2002, Percival et al 2002, Spergel et al 2003, 
Tegmark et al 2001, Netterfield et al 2002, Pogosian et al 2003, Kogut et al 
2003), as needed to have the accelerated expansion shown by SNIa data (Riess 
et al 1998, Perlmutter et al 1999). The nature of Dark Energy (DE) is a puzzle. 
ACDM needs a severe fine-tuning of vacuum energy. DE with constant neg- 
ative w = p/ p > —I has even less physical motivation. Apparently, the only 
viable alternative is dynamical DE, a classical self-interacting scalar field cj) 
(Wetterich 1985). Among potentials V{(f)) with a tracker solution, limiting the 
impact of initial conditions, Ratra-Peebles (1988, RP hereafter) and SUGRA 
(Brax & Martin 1999, 2000) potentials bear a particle physics motivation. 
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Figure 1. Spectrum evolution for 
ACDM (solid line) and RP (long dashed); 
the dot-dashed line is the linear prediction 
for ACDM. 







Figure 2. The virial density contrast Ac 
vs. Tim at z = 0. Models are indicated in 
the frame 



Studying a dynamical DE model requires: (i) a linear treatment, to yield CBR 
spectra and transfer function; (ii) a post-linear treatment, to yield halo virial 
density contrasts and mass functions; (iii) a non-linear treatment. Here we 
report results on (ii) and (iii). We use the n-body program ART, modified to 
deal with any dependence of Ylm (matter density parameter) on a (scale factor). 
Mainini et al (2003b) give analytical fitting formulae for such dependence. 
Further details are in Mainini, Maccio & Bonometto (2003a) and Klypin et al 
(2003). RP and SUGRA are parametrized by the energy scale A/GeV. 

2. Non-linear results 

Fig. 1 shows the evolution of the spectrum, as obtained from simulations of 
ACDM and RP models (A/GeV= 10^), the most distant models treated. Mod- 
els were normalized so to obtain the same number of halos at z = 0. 

Halos were extracted from simulations using the virial density contrasts Ac 
obtained by Mainini et al (2003b), where one can find plofs for fhe dependence 
Ac(a); here we show Ac dependence on 12^ at z = 0 (Fig. 2) Figs. 3 & 4 
show fhe mass funcfion and ifs evolution in a number of models. 

Using ART facilities, a particular halo was magnified in all simulations. Fig. 5 
shows fhaf ifs profile is NFW wifh a concenfrafion depending on DE nafure. 
Concenfrafion can also be considered on a sfafisfical basis. Fig. 6 shows how 
halo concenfrafions depend on fhe model. Here concenfrafions are defined as 
fhe rafio befween fhe radius Tc al which fhe density conlrasl is 110 and fhe 
radius in fhe NFW expression of fhe radial density. 

We also sfudied how fhe number of safelliles of a halo depends on DE nafure. 
In Fig. 7 we reporf such dependence. However, also in fhis case, once care 



Structure Formation in dynamical Dark Energy models 



201 




z 




Figure 3. Mass function at 2 = 0 and 
2 = 2 for the same models of Fig. 1 . Evo- 
lution is faster for ACDM than for RP 




Figure 5. Density profile for a single 
magnified halo. Solid, short dashed, long 
dashed lines refer to ACDM, SUGRA, RP. 



Figure 4. Halo number evolution in var- 
ious models. Unlabeled curves refer to 
SUGRA and constant w = —0.8 




Figure 6. Concentration distribution in 
various models 



is payed to properly normalize numbers to the same central halo velocity, no 
appreciable dependence on DE nature can be found. 

3. Conclusions 

In this paper we showed how a simple modification of the program ART per- 
mits to perform a wide analysis of dynamical DE models. This task is sim- 
plified by the very structure of the program, which uses the scale factor a as 
time-variable and requires only 

dt/ dct — sj (X /^rn{,tlQ^ 

(Ho: today’s Hubble parameter), to detail the action of forces. Once Dm(a) 
(the dependence of the matter density parameter on the scale factor) is as- 
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Figure 7. Number of halo satellites 



signed, the dynamical problem is then properly defined. Most of the prelimi- 
nary work was then performed at the post-linear level. This provided us suit- 
able expressions for the virial density contrast, so that halos can be selected 
in the correct way in all models, and also the required fitting expressions for 

Discriminating DE models from ACDM essentially requires good data at high 
redshift. A discrimination at z = 0 can be made only using an observable 
sensitive to the concentration distribution. In principle, such an observable 
exists and is related to strong lensing (giant halo statistic). Further work in this 
direction is in progress. 
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Abstract 

We present some of the results of an ongoing collaboration to study the dynam- 
ical properties of galaxy clusters by means of high resolution adiabatic SPH 
cosmological simulations. Results from our numerical clusters have been tested 
against analytical models often used in X-ray observations: /3 model (isother- 
mal and polytropic) and those based on universal dark matter profiles. We find 
a universal temperature profile, in agreement with AMR gasdynamical simula- 
tions of galaxy clusters. Temperature decreases by a factor 2-3 from the center 
to virial radius. Therefore, isothermal models (e.g. ft model) give a very poor 
fit to simulated data. Moreover, gas entropy profiles deviate from a power law 
near the center, which is also in very good agreement with independent AMR 
simulations. Thus, if future X-ray observations confirm that gas in clusters has 
an extended isothermal core, then non-adiabatic physics would be required in 
order to explain it. 



1. Introduction 

Clusters of galaxies are the largest gravitationally bound structures in the uni- 
verse. Therefore, they have often been considered as a canonical data set for 
cosmological tests. During the last two decades, a great effort has been devoted 
to investigate the mass distribution in CDM haloes by means of numerical N- 
body simulations. It is now firmly established that dark matter density profiles 
can be fitted by an universal two-parameter function, valid from galactic to 
cluster scales. For the gas component, the situation is less clear. The ICM is in 
the form of a hot diffuse X-ray emitting plasma, where the cooling time (ex- 
cept in the innermost regions) is typically longer than the age of the universe. 
Adiabatic gasdynamical simulations have therefore been used to study the for- 
mation and evolution of galaxy groups and clusters in different cosmologies. 
The Santa Barbara Cluster Comparison Project (Frenk et ah, 1999, SBCCP) 
showed a clear difference between SPH and Eulerian Adaptive Mesh Refine- 
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ment (AMR) codes. While (the only one available at that time) Bryan and 
Norman’s AMR code predicted an isentropic gas profile at the center, all the 
SPH codes used in SBCCP predicted an isothermal gas distribution almost to 
the virial radius of the Coma-like simulated cluster. As pointed out by several 
people (e.g. Borgani et ah, 2002; Serna et ah, 2003), the standard SPH method 
could suffer from entropy conservation problems. This is particularly accentu- 
ated in low mass resolution SPH simulations (see Lewis et ah, 2000). A new 
implementation of SPH has been recently proposed (Springel and Hernquist, 

2002) in which entropy conservation is much better fulfilled. 

In order fo asses the reliability of our numerical results, we did an extensive 
convergence study in terms of resolution (mass and spatial), as well as nu- 
merical technique. For this last purpose, we re-simulated one of our clusters 
with 3 different numerical codes: Tree-SPH GADGET, both with the stan- 
dard (Springel et ah, 2001) and the entropy conserving SPH implementation 
(Springel and Hernquist, 2002), as well as the Eulerian AMR code ART ( 
Kravtsov et ah, 2002). Radial profiles of gas and dark matter are compared 
in Eigure 1 . The agreement between AMR and the entropy version of GAD- 
GET is remarkable. The standard SPH GADGET still shows the same trend 
reported in Erenk et al. (1999), although our mass resolution is 64 times better 
(512^ effective particles). 

2. Numerical experiments 

We have carried out a series of high-resolution gasdynamical simulations of 
cluster formation in a flat ECDM universe (Dm = 0.3; Da = 0.7; h = 0.7; 
fjg = 0.9; Db = 0.02 h~‘^). Simulations were run with the entropy conserving 
SPH version of the parallel Tree code GADGET. We have selected 15 clusters 
extracted from a low-resolution (128^) volume of 80/i“^ Mpc. Each object has 
been re-simulated by means of the multiple mass technique (e.g. Klypin et ah, 
2001). We use 3 levels of mass refinement, reaching an effective resolution of 
512^ CDM particles (~ 3 x 10® h~^ Mq). Gas has been added in the highest 
resolved area only. The gravitational smoothing was set to e = 2 — 5 
kpc, depending on number of particles within the virial radius (Power et ah, 

2003) . The minimum smoothing length for SPH was fixed to the same value 
as e. The X-ray temperature of these objects ranges from 1 to 3 keV. Eor a 
more extended description of the numerical experiments, the reader is referred 
to Ascasibar (2003). 

3. Results 

A detailed discussion of the results from our numerical experiments can be 
found elsewhere (Ascasibar, 2003; Ascasibar et ah, 2003). Here, we will focus 
on the radial structure of gas and dark matter in clusters. 
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Figure 1. Left: Comparison of density, temperature and entropy profiles for a cluster simu- 
lated with 3 different numerical hydro codes: Standard SPH GADGET (dashed lines); Entropy- 
conserving GADGET (solid lines) and eulerian AMR ART code (crosses). Right: Testing 
Hydrostatic equilibrium (upper panel) and polytropic equation of state (lower panel) in our nu- 
merical clusters, classified according to their dynamical state. 



We have considered four self-consistent analytical models, based on the hy- 
potheses that the hot ICM gas is in hydrostatic equilibrium with the dark mat- 
ter halo and that it follows a polytropic equation of state. Two of our models 
assume NFW (Navarro et ah, 1997) and MQGSL (Moore et ah, 1999) for- 
mulae to describe the CDM density profile, whereas the other two assume a 
/3-model for the gas distribution. One is an isothermal version with /3 = 2/3 
(BM) and the other is a polytropic model with 7 = 1.18 and /3 = 1 (PBM). We 
have first tested the hypothesis of hydrostatic equilibrium (HE) and polytropic 
equation of state (e.o.s) for the gas in our clusters. In Figure 1 (right) we show 
the results of this test. H.E. is nicely fulfilled by those clusters that are in a 
relaxed or minor merger state. The e.o.s for the gas in these clusters can be 
reasonably approximated by a constant poly tropic index of 7 ~ 1.2. Then, we 
compared the simulated radial distributions of gas and dark matter with each 
analytical model. By fitting the numerical X-ray surface brightness, the mod- 
els based on universal CDM profiles are able to estimate the ICM properties 
within 30 — 40% errors. /3-modeIs yield similar estimates for r > 0.1ii200^ but 
the shape of the inferred profiles at smaller radii are severely misleading. 

In Figure 2 (left) we plot the spherically averaged temperature profile of our 
halos, together with the best fit for each analytical model. As can be seen, 
the /3-model gives the poorest fit because gas in simulations is far from being 
isothermal. 

The projected emission-weighted temperature profile is also shown in Figure 
2 (right), compared with recent AMR cluster simulations (Foken et ah, 2002) 
and with X-ray observations. Both sets of simulations predict the same uni- 
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Figure 2. Left: 3d Temperature profiles from clusters (points) and the corresponding fit 
from 4 analytical models (see Ascasibar et al., 2003 for more information). Right: Projected 
emission-weighted temperature profile (black squares with error bars). Dashed line: results 
from AMR simulations (Token et ah, 2002), solid line fit to our data Token et al., 2002. Ob- 
servational data from De Grandi and Molendi, 2002 (triangles) and Markevitch et al., 1998 
(enclosed boxes). 



versal gas temperature profile for clusters, with no indication of an isother- 
mal core. This is one of the few cases in which SPH and AMR simulations 
agree so well on one issue. If the existence of a large isothermal core is in- 
deed confirmed by upcoming X-ray observafions, if would be an indication 
fhaf non-adiabafic processes musf be considered in numerical simulafions of 
galaxy cluster formation. 
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SIMULATIONS OF GALAXY CLUSTERS 



R. Valdarnini 

SISSA, Vie Beirut 2-4 34014, Trieste Italy 



Abstract Results from a large set of hydrodynamical SPH simulations of galaxy clusters 
in a flat LCDM cosmology are used to investigate cluster X-ray properties. The 
physical modeling of the gas includes radiative cooling, star formation, energy 
feedback and metal enrichment that follows from the explosions of SNe type II 
and la. The metallicity dependence of the cooling function is also taken into 
account. It is found that the luminosity-temperature relation of simulated clus- 
ters is in good agreement with the data, and the X-ray properties of cool clusters 
are unaffected hy the amount of feedback energy that has heated the intraclus- 
ter medium (ICM). The fraction of hot gas fg at the virial radius increases with 
Tx and the distribution obtained from the simulated cluster sample is consistent 
with the observational ranges. 

Keywords: SPH simulations, heating of the ICM. 

1. Introduction 

There is a wide observational evidence Allen & Fabian 1998; Markevitch 1998 
that the observed cluster X-ray luminosity scales with temperature with a slope 
which is steeper than that predicted by the self-similar scaling relations {Lx oc 
T|-). This implies that low temperature clusters have central densities lower 
than expected Ponman, Cannon & Navarro 1999. This break of self-similarity 
is usually taken as a strong evidence that non-gravitational heating of the ICM 
has played an important role in the ICM evolution. A popular model which 
has been considered as a heating mechanism for the ICM is supernovae (SNe) 
driven-winds White 1991. An alternative view is that radiative cooling and the 
subsequent galaxy formation can explain the observed Lx — Tx relation be- 
cause of the removal of low-entropy gas at the cluster cores Bryan 2000. In this 
proceedings I present preliminary results from a large set of hydrodynamical 
SPH simulations of galaxy clusters. The physical modeling of the gas includes 
a number of processes (see later), and the simulations have been performed 
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in order to investigate the consistency of simulated cluster scaling relations 
against a number of data. 

2. Simulations and results 

Hydrodynamic al TREESPH simulations have been performed in physical co- 
ordinates for a sample of 120 test clusters. A detailed description of the pro- 
cedure can be found in Valdarnini (2003, VOS). The cosmological model is a 
flat CDM model, with vacuum energy density Ha = 0.7, matter density pa- 
rameter Ylm = 0.3 and Hubble constant h = 0.7 = HQ/lDDKmsec~^Mpc~^. 
Hb = 0.019h~^ is the value of the baryonic density. The clusters are the 120 
most massive ones identified at z = 0 in a cosmological A"— body run with a 
box size of 200/i“^ Mpc. The virial temperatures range from ~ 6KeV down 
to ~ IKeV. The simulations have Ng ~ 70,000 gas particles. The cooling 
function of the gas particles also depends on the gas metallicity, and cold gas 
particles are subject to star formation. Once a star particle is created it will 
release energy into the surrounding gas through SN explosions of type II and 
la. The feedback energy (10^^ erg) is returned to the nearest neighbor gas par- 
ticles, according to its lifetime and IME. SN explosions also inject enriched 
material into the ICM, thus increasing its metallicity with time. 

Observational variables of the simulated clusters are plotted in Eig. 1 as a 
function of the cluster temperature Tx- Different symbols are for different 
redshifts (z = 0, z = 0.06 and z = 0.11). Eor the sake of clarity, not all 
the points of the numerical sample are plotted in the figure. Global values 
Ape = Mpe/Mp of the iron abundances for the simulated clusters are shown 
in panel (a). A comparison with real data of a small sample subset (four clusters 
, see V03) shows a good agreement with the measured values. The values 
of Ape appear to increase with Tx, even though the observational evidence 
of an iron abundance increasing with Tx is statistically weak Mushotzky & 
Eowenstein 1997. 

The fraction of hot gas fg = Mg/Mp is defined within a given radius as the 
ratio of the mass of hot gas Mg to the total cluster mass Mp- The fraction fg 
has been calculated at a radius enclosing a gas overdensity of <5 = 500 relative 
to the critical density. The values of fg of the numerical cluster sample are 
plotted in panel (b). There is a clear tendency for the fg distributions to in- 
crease with cluster temperature. This is in accord with theoretical predictions 
of the radiative cooling model Bryan 2000, and with numerical simulations 
Muanwong et al. 2002 ; Dave et al. 2002. A subsample of the fg distri- 
bution at 2 ; = 0 is found to be statistically consistent (V03) with the data of 
Arnoud & Evrard (1999). Eurthermore, Sanderson et al. (2003) found strong 
observational evidence for a dependence of fg with Tx- 
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Figure 1. (a): Average iron abundances of the simulated cluster sample at r = 0.5h~^ Mpc 

are plotted versus cluster temperatures. Different symbols refer to different redshitfs. (b): As in 
panel (a), but for the gas fractions fg = Mg{< r)/MT{< r); the fractions are evaluated at the 
radius within which p/pc = S, with S = 500. (c): Bolometric X-ray luminosities are plotted as 
a function of the temperature, (d): Cluster core entropies S{r) = kBT(r)/n^(r) at the radius 
r = O.lr^ir are shown against cluster temperatures. 



The values of the bolometric X-ray luminosity Lx are shown in panel (c) as 
a function of the cluster temperature. Mass-weighted temperatures have been 
used as unbiased estimators of the spectral temperatures Mathiesen & Evrard 
2001. A central region of size 50h~^Kpc has been excised Markevitch 1998 
in order to remove the contribution to Lx of the central cooling flow. The Lx 
of the simulations at z = 0 are in good agreement with the data (V03) over 
the entire range of temperatures. An additional run has been performed for the 
cluster with the lowest temperature, but with a SN feedback energy of 10^° erg 
for both SNII and la. The final Lx of the run is very similar to that of standard 
run. This demonstrates that the final X-ray luminosities of the simulations are 
not sensitive to the amount of SN feedback energy that has heated the ICM. 
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The core entropies of the clusters are displayed in panel (d) against the cluster 
temperatures. The cluster entropy is defined as S{r) = kBT{r) jne{r), where 
rie is the electron density. The core entropy is calculated at a radius which is 
10% of the cluster virial radius. The result indicates that for low temperatures 
part of the sample has clusters with core entropies which approach a floor at ~ 
lOOkev cm“^, while for some clusters the decline of entropy with temperature 
is steeper and close to the self-similar predictions (5 oc T). This different 
behaviour could be due to the different dynamical histories of the clusters. It is 
worth stressing that for all the plotted quantities there is little evolution below 
z = 1. 

To summarize, simulation results give final X-ray properties in broad agree- 
ment with the data. These findings support the so-called radiative model, where 
the X-ray properties of the ICM are driven by the efficiency of galaxy forma- 
tion rather than by the heating due to non-gravitational processes. 

References 

Allen S. W., Fabian A. C., 1998, MNRAS, 297, L57 
Amaud M., Evrard A. E., 1999, MNRAS, 305, 631 
Bryan G. L., 2000, ApJ, 544, LI 
Dave R., Katz N., Weinberg D.H., 2002, ApJ, 579, 23 
Mathiesen B., Evrard A. E., 2001, ApJ, 546, 100 
Markevitch M., 1998, ApJ, 504, 27 

Muanwong O., Thomas R A., Kay, S. T, Pearce F. R., 2002, astro-ph/0205137 

Mushotzky R. F., Lowenstein, M., 1997, ApJ, 481 L63 

Ponman T. J., Cannon D. B., Navarro J. F, 1999, Nature, 397, 135 

Sanderson A. J. R, Ponman, T. J., Finoguenov A., Lloyd-Davies E. J. & Markevitch, M., 2003, 
MNRAS, 340, 989 

Valdamini, R. 2003, MNRAS, 339, 1117 
White R. E., 1991, ApJ, 367, 69 



EVOLUTION OF MAGNETIC FIELDS 
IN GALAXY CLUSTERS 



Klaus Dolag 

Dipartimento di Astronomia, Universitg di Padova, Italy 



Abstract Cosmological simulations of magnetic fields in galaxy clusters show that re- 
markable agreement between simulations and observations of Faraday rotation 
can be achieved assuming that seed fields of « 10“®G where present at red- 
shifts « 15-20. Previous simulations showed that the structure of the seed field 
is irrelevant for the final intracluster field. On average, the field grows exponen- 
tially with decreasing cluster redshift, but merger events cause steep transient 
increases in the field strength. A set of new, high resolution simulations of clus- 
ters will allow us to study the predicted magnetic field in galaxy clusters in even 
more detail. Using the observed correlation between X-ray surface brightness 
and Faraday rotation measure we confirm that the magnetic field scales with 
the intracluster gas density. The observations of low temperature clusters also 
indicate that the central magnetic field strength is correlated with the cluster 
temperature, as predicted by the simulations. 



1. Introduction 

Observations of the so called Faraday Rotation Measure as well as observations 
of diffuse radio haloes in galaxy clusters consistently show that clusters of 
galaxies are pervaded by magnetic fields of ~ //G strength. Coherence of the 
observed Faraday rotation across large radio sources demonstrates that there is 
at least a field componenf fhaf is smoofh on clusfer scales. The origin of such 
fields is largely unclear. 

We used magnefo hydrodynamical simulations of sfrucfure formation fo sfudy 
fhe evolufion and fhe final magnefic field sfrucfure, investigating fhe obfained 
magnefic field profile and fhe typical reversal scale. The models generally re- 
produce fhe observed rofafion measure very well. Specialty fhe obfained cor- 
relafion befween fhe rofafion measure and fhe x-ray surface brighfness, which 
nicety reproduce fhe observed one, suggesf, fhaf also fhe magnefic field in real 
galaxy clusters has a similar sfrucfure. 
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Figure 1. Shown a simulated cluster for different magnetic field configurations as labeled. 
The gray contours in the boxes are isodensity curves of the intra cluster gas. The patches on the 
box sides show the Faraday rotation measure. The frame in the middle of the boxes shows a 
slice through the intracluster magnetic field, with the arrows indicating field strength. 



2. Previous simulations 

We used the cosmological MHD code described in Dolag, Bartelmann & Lesch 
(1999,2002) to simulate the formation of magnetized galaxy clusters from an 
initial density perturbation field. Our main results can be summarized as fol- 
lows: (i) Initial magnetic field strengths are amplified by approximately three 
orders of magnitude in cluster cores, one order of magnitude above the ex- 
pectation from flux conservation and spherical collapse, (ii) Vastly different 
initial field configurations (homogeneous or chaotic) yield results that cannot 
significantly be distinguished, (iii) Micro-Gauss fields and Faraday-rotation 
observations are well reproduced in our simulations starting from initial mag- 
netic fields of ~ 10“® G strength at redshift 15 for both explored cosmologies, 
namely an EdS and a flat, low density universe. Figure 1 shows one simulated 
clusters for different initial magnetic field configurations. 



Magnetic fields in Galaxy Clusters 
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Figure 2. Left Panel shows the Lx-RM correlation for a collection of observations of embed- 
ded radio sources in different clusters compared with predictions from the simulations. Data 
points see references in Dolag 2002. Right panel shows a comparison of observed and synthetic 
RM embedded in a Ikev cluster. 



3. Lx-RM correlation 

As the simulations predict the statistics of the rotation measure within our mod- 
els, we can comparing this with the x-ray emission to provide an opportunity 
to measure the shape of the magnetic field in galaxy clusters. This mean, we 
are comparing the two line of sight integrals 



/ 






s/Tdx 



rie B\\ dx 



with each other. Neglecting the dependency on the temperature, the slope of 
the correlation tells us, how the magnetic filed scales with the density inside 
the cluster. Left part of Figure 2 shows the correlation between the x-ray sur- 
face brightness and the RMS in a synthetic observation compared with real 
observations. Clear to see that both agree. The slope of one translate into a 
linear relation between magnetic field and infracluster gas density. Specially 
the low temperature clusters are showing some shift of this correlation with 
temperature, as predicted by the simulations. 
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Figure 3. Visualization of the gas density and the temperature of the simulations containing 
the 5 most massive clusters in our set. 



4. Next Generation of Simulations 

We created a set of 10 suitable initial conditions for cluster simulations. This 
was done quite carefully by optimizing the number of particles needed for the 
objects we want to simulate and the corresponding mass resolution of 1.3 x 10^ 
Mq for the dark matter particles. This leads to a very large improvement of the 
resolution with respect to other simulations done before. Fig. 3) shows a visu- 
alization of the final distribution of the gas density (upper row) and temperature 
distribution (lower row) for the simulations containing the 5 biggest clusters. 
The most massive cluster in our simulations contains at the end more than 2 
Millions gas particles within i? 200 - The initial conditions are also trimmed to 
have the same mass resolution for all objects: this allows us to better under- 
stand the effects of the additional physics onto the dynamics of the objects in 
our simulations. Two simulations also contain a slightly larger region of space. 
One is hosting a small supercluster structure, the other one is hosting a long fil- 
amentary structure connecting three massive clusters. These two simulations 
will allow us to accurately study the gas properties between galaxy clusters. 
See http : / / dipastro . pd . astro . it/~cosmo/ Clusters/ 

The right part of Figure 2 shows first results from one of these high resolution 
simulations including magnetic fields. Clear fo see fhaf fhese new high reso- 
lufion simulafions are suifable fo sfudy nol only average properfies like radial 
profile buf also defailed sfrucfure of predicted rofafion measure maps. 

References 

Dolag, K., Bartelmann, M., Lesch, H. 1999, A&A, 348, 351 
Dolag, K., Bartelmann, M., Lesch, H., 2002, A&A, 387, 383 

Dolag 2002, Proceedings to ’Matter and Energy in Clusters of Galaxies’, Taiwan, Co-Editors S. 
Bowyer and C.-Y. Hwang, ASP 2002 





FIRST STARBURSTS AT HIGH REDSHIFT: 
FORMATION OF GLOBULAR CLUSTERS 



Oleg Y. Gnedin 

Space Telescope Science Institute 
ognedin@stsci.edu 



Abstract Numerical simulations of a Milky Way-size galaxy demonstrate that globular 
clusters with the properties similar to observed can form naturally at 2 ; > 3 
in the concordance ACDM cosmology. The clusters in our model form in the 
strongly bary on-dominated cores of supergiant molecular clouds. The first clus- 
ters form at 2 « 12, while the peak formation appears to be at 2 ~ 3 — 5. The 
zero-age mass function of globular clusters can be approximated by a power- 
law dN/dM oc M~^ in agreement with observations of young massive star 
clusters. 

For the first time it has been possible to include the formation of globular clus- 
ters self-consistently into the hierarchical galaxy formation model Kravtsov 
and Gnedin, 2003. The simulations used in our study were performed using 
the Eulerian gasdynamics+A^-body ART code which uses an adaptive mesh 
refinement approach to achieve high dynamic range Kravtsov et ah, 1997. 
Several physical processes critical to various aspects of galaxy formation are 
included: star formation; metal enrichment and thermal feedback due to super- 
novae type II and type la; self-consistent advection of metals; metallicity- and 
density-dependent cooling and UV heating due to the cosmological ionizing 
background. The simulation follows the early {z > 3) stages of the evolution 
of a Milky Way-type galaxy, M ^ Mq at z = 0. 

Although the resolution achieved in the disk region is very high by cosmo- 
logical standards. Ax 50 pc at z = 4, it is still insufficient to resolve the 
formation of stellar clusters. The resolution, however, is sufficient to iden- 
tify the potential sites for GC formation. The natural candidates are cores of 
giant molecular clouds in high-redshift galaxies Harris and Pudritz, 1994. Ac- 
cordingly, we complement the simulations with a physical description of the 
gas distribution on a subgrid level. It assumes an isothermal structure of the 
unresolved core and a universal density threshold of cluster star formation, 
Psi = 10^ Mq pc“^. The gas at densities above psf is converted into a star 
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Figure 1. Projected gas density in the most massive disk at 2 = 4. A nearly face-on disk has 
prominent spiral arms and is in the process of very active accretion and merging. The globular 
clusters identified at this epoch are shown hy circles. 



cluster with the efficiency e = M^/Mcore = 60%. The size of the cluster after 
the gradual loss of the remaining gas is = i?core/e- 

The first globular clusters formed around 2 ; ~ 12 and cluster formation con- 
tinued at least until z ^ 3. The preferred epoch of globular cluster formation 
(z ~ 3 — 5) corresponds to the cosmic time of only 1 — 2 Gyr, when the gas 
supply is abundant in the disks of the progenitor halos and the merger rate of 
the progenitors is high. All old globular clusters thus appear to have similar 
ages. 

Most globular clusters in our model form in halos of mass >10® Mq. Within 
the progenitor systems, globular clusters form in the highest-density regions 
of the disk. In the most massive disk in the simulation (Figure 1) the newly 
formed clusters trace the spiral arms and the nucleus, similarly to the young star 
clusters observed in merging and interacting galaxies Whitmore et ah, 1999. 
Note that although the high-redshift globular clusters form in gaseous disks, 
the subsequent accretion of their parent galaxies would lead to tidal stripping 
and disruption. The clusters are likely to share the fate of the stripped stars 
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Figure 2. The build-up of the initial mass function of globular clusters at four epochs. The 
straight dashed line shows a power-law, N oc M~^ . The slope a becomes shallower with 
decreasing redshift and saturates at q = 2.05 ± 0.07 for z < 4. 



that build up the galactic stellar halo and should have roughly spherical spatial 
distribution at z = 0. 

The total mass of clusters within a parent galactic halo correlates with the total 
galaxy mass Mhi Mqc = 3.2 x 10® Mq (Mh/10^^ The global 

efficiency of cluster formation, Mqq/My^, therefore depends only weakly on 
the galaxy mass. The mass of the globular cluster population in a given re- 
gion also strongly correlates with the local average star formation rate density: 
Mqc oc at z = 3.3. A similar correlation, albeit with a significant 

scatter, was reported for the observed present-day galaxies Larsen, 2002. In 
our model the correlation arises because both the star formation rate and mass 
of the globular cluster population are controlled by the same parameter, the 
amount of gas in the densest regions of the ISM. 

The metallicities, which the clusters acquire from the gas in which they form, 
are remarkably similar to the metal-poor part of the Galactic cluster distribu- 
tion. Note that at all epochs the dynamical time of the molecular cores is very 
short (~ 10® yrs), which means that the galactic gas is pre-enriched even be- 
fore the first clusters form. Thus the oldest globular clusters do not contain the 
oldest stars in the Galaxy. 

The mass function of the model clusters at all output epochs (Figure 2) is well 
fit by a power-law dN/dM oc for M > 10® Mq, in agreement with the 
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mass function of young star clusters in normal spiral and interacting galaxies 
Zhang and Fall, 1999. The power-law slope at high masses also resembles 
that of the high-redshift mass function of dark matter halos in the hierarchical 
CDM cosmology Gnedin, 2003. We find that although the most massive cluster 
in each galaxy correlates with the parent galaxy mass, Mmax oc a 

significant scatter around this relation implies that for a given halo the masses 
of individual clusters can vary by a factor of three. Therefore, the overall shape 
of the mass function of globular clusters in our model does not follow directly 
from the mass function of their parent halos, but depends also on the mass 
function of molecular cloud cores within individual galaxies. 

The slope of the mass function steepens with increasing mass. We find a rela- 
fively shallow, a 1.7, mass funclion for fhe small-mass clusters forming in 
lower-densify cores and fhe sleep, a 2, mass funclion for massive globular 
cluslers forming in fhe densesl regions of fhe disk. The sleepening of fhe lu- 
minosify funclion wilh increasing luminosity is also observed for young slar 
clusters in slarbursling galaxies Whilmore el ah, 1999; Larsen, 2002. Thus 
over the range of masses typically probed in observations, M > 10® Mq, 
the mass function can be approximated by a power-law because the expected 
curvature over this range is rather small. 
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1. Properties of low metallicity and PopIII starbursts - 
predictions and confrontation with observations 

Based on existing or new stellar tracks and appropriate non-LTE model atmo- 
spheres we have recently undertaken a systematic study of the expected rest- 
frame EUV, UV to optical properties of starhursts of zero and higher metallic- 
ity (Schaerer 2002, 2003, hereafter S02, S03). These studies provide predicted 
SEDs including stellar and nebular emission (continuum and lines), detailed 
ionizing properties, calibrations for star formation indicators (S03), and also 
predicted metal production rates for various elements (S02). These should be 
useful for a variety of studies concerning high redshift galaxies, cosmological 
reionisation studies and others. 

Among the main observational characteristics found for PopIII and metal-poor 
starbursts are: 

1 ) Continuum emission is expected to be dominated by nebular (bound-free, 
free-free and two photon) emission even in the rest-frame UV domain (S02). 
This leads to a flatter intrinsic SED compared to normal galaxies. 

2 ) The maximum Eya emission (i.e. neglecting possible radiation transfer ef- 
fects through the galaxian ISM and IGM and dust) of integrated stellar popu- 
lations increases quite strongly with decreasing metallicity. This is illustrated 
in Eig. la considering also various cases of the IME at low metallicity. 

3 ) Strong He ii recombination lines (He ii A1640, He ii A4686,...) are a quite 
unique signature due to hot massive main sequence stars of PopIII/very low 
metallicity (cf. Tumlinson & Shull 2000). Significant He ii emission is, how- 
ever, only expected at metallicities below 10 ® solar (S03). This is e.g. 
illustrated by plotting the ratio of He~^ to H ionizing photons, Q(He''') /(5(H) , 
computed for a SE population at equilibrium, i.e. for constant SE (Eig. lb). 
These findings are also confirmed by the study of Panagia, Stiavelli, and col- 
laborators (see these proceedings). 
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Figure 1. a-left: Predicted Lya equivalent widths for bursts of different metallicities and 
IMFs. b-right: Predicted hardness Q(He”'")/Q(H) as a function of metallicity for starbursts 
between PopIII and normal metallicities. Figures taken from Schaerer (2003) - see there for a 
complete explanation of the figures 



In short, the following three characteristics can be identified as fairly clear sig- 
natures of very metal-poor or PopIII starbursts (“primeval galaxies”): Strong 
Lya emission, narrow nebular He ii emission, and very weak or absent metal 
lines. We now discuss more precisely these “criteria” and confront them with 
existing observations. 

1.1 Strong Lycr emission 

If Lya equivalent widths ^ 500 A are measured, this would, according to 
Fig. la, require stellar populations with metallicities 10“^ (i.e. [Z/H] 
— 3.3 in solar units) and/or an extreme IMF. Such large VF(Lya) cannot 
be explained by stellar photoionisation in galaxies with a Salpeter like IMF 
and higher metallicities. Alternative explanations include AGNs. 

In fact a good fraction of the Lya emitters found by the LALA survey seems 
to show such large equivalent widths (Malhotra & Rhoads 2002). However, it 
must be remembered that the equivalent widths are determined from narrow- 
band (NB) and i?-band imaging, which could lead to important uncertainties, 
as e.g. noted by comparing similar data from NB imaging and spectroscopy 
of SUBARU data of Ouchi et al. (2003 and private comm.). Spectroscopic 
follow-up of 5 LALA sources seem, however, to confirm their previous equiv- 
alent widths measurements from imaging (Rhoads et al. 2003). In principle it 
is thus possible that (some of) the strong Lya emitters of the LALA are such 
primeval galaxies. Whether such large numbers of objects at relatively low 
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redshifts (e.g. at z = 4.5 Malhotra & Rhoads 2002) would truly be expected 
seems surprising (cf. Scannapieco et al. 2003). No doubt detailed follow-up 
work on these objects will be of great interest. 

1.2 Nebular He ii emission 

As mentioned above the detection of nebular He ii emission lines above a 
certain level (e.g. VR(He ii A1640)^ 10 A or He ii A1640/H/3^ 0.05, see 
S03) would be a very strong case for a very metal-poor if not metal-free stellar 
population if shown to originate from stellar photoionisation (as opposed e.g. 
to AGN activity). 

Tumlinson et al. (2001) have speculated whether such objects could already 
have been found “accidentally” at 5, confused with Lya emitters whose 
redshift is identified by a single line measurement. Their simulations (in rough 
agreement with our more detailed results) show that this should then corre- 
spond to Poplll objects with high star formation rates comparable to those 
determined for Lyman break galaxies. This may again be questionable on 
grounds of the fairly small probability of existence of Poplll galaxies at such 
“low” redshifts. However, the current observations do not allow to prove or 
disprove their speculation. 

During this conference my attention was brought to the discovery of an unusual 
z = 3.357 lensed galaxy showing narrow He ii emission lines (among others) 
indicative of a fairly high excitation (see Fosbury et al. 2003). These authors 
speculate that this might be ionised by a very hard stellar spectrum possibly 
due to an extremely metal-poor stellar cluster. However, this seems quite un- 
likely for the following reasons. First numerous metal lines are seen (including 
in the UV spectrum) indicating an ISM metallicity of ~ 1/20 solar, and [O iii] 
A5007/H/3 ~ 7.5 is typical of metal-poor H ii galaxies. Furthermore, no case is 
known where the stellar metallicity is lower than the nebular one. This would 
require quite exotic formation and mixing scenarios, in contradiction with our 
current knowledge of SF galaxies in the nearby Universe. Finally, an alterna- 
tive explanation (obscured AGN) exists capable of reproducing the observed 
emission line properties (Binette et al. 2003). Although this peculiar object is 
certainly of great interest it appears unlikely that it is related to an extremely 
metal-poor or even Poplll starburst. 

1.3 Weak/absent metal lines 

Establishing the weakness or absence of metal lines will ultimately be impor- 
tant to prove the extremely low or zero metallicity case. From simple pho- 
toionisation modeling Panagia (these proceedings and 2003) propose e.g. that 
[O III] A5007/H/3 ^0.1 (0.01) should indicate a metallicity ^ 10“^ (10“^) 
solar, approximately corresponding to the expected metallicity of second gen- 
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eration stars (see also Scannapieco et al.). Above redshift 4, a measurement 
of [O III] A5007 will require sensitive space instruments like those planned for 
the JWST. Up to redshift 9 such observations should be feasible with the 
NIRSpec multi-object spectrograph (e.g. Panagia 2003). Beyond that, explo- 
rations will be very difficult and time consuming as single object spectroscopy 
(MIRI) will only be available at the corresponding wavelengths (A > 5//m). 

2. Into the future... 

From the above it is evident that no genuine PopIII object or extremely metal- 
poor galaxy (Z/Zq^ 10“^ " has been found so far. Currently the best can- 
didates are the high Lya equivalent widths objects from the LALA survey 
whose properties remain puzzling. However, given their fairly large number 
and relatively low redshift (z ~ 4.5) it would at first be surprising if many 
would truly correspond to this category. 

Other independent options to search for such “primeval” galaxies and higher z 
objects should be explored. The feasibility of such studies has been addressed 
e.g. in Schaerer & Pello (2001) and Pello & Schaerer (2002). Possible avenues 
include among others the use of particular broad-band selection criteria and 
ultra-deep near-IR imaging to find new candidafes. Preliminary results from 
such studies are discussed by Richard et al. (2003) in these proceedings. There 
is little doubt that the great progress made over recent years on the exploration 
of the high redshift Universe will continue and possibly even truly “primeval” 
galaxies or PopIII objects will be found in this decade and before the JWST 
will be available. We look forward to exciting times ! 
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Abstract Within the context of hierarchical scenarios of gravitational structure formation 
we describe how an evolving hierarchy of voids evolves on the basis of two 
processes, the void-in-void process and the void-in-cloud process. The related 
analytical formulation in terms of a two-barrier excursion problem leads to a 
self-similarly evolving peaked void size distribution. 



1. Introduction: Excursions 

Hierarchical scenarios of structure formation have been very successful in un- 
derstanding the formation histories of gravitationally bound virialized haloes. 
Particularly compelling has been the formulation of a formalism in which the 
collapse and virialization of overdense dark matter halos within the context of 
hierarchical clustering can be treated on a fully analytical basis. This approach 
was originally proposed by Press & Schechter (1974), which found a particu- 
larly useful and versatile formulation and modification in the the excursion set 
formalism (Bond et al. 1991). 

It is based on the assumption that for a structure to reach a particular nonlinear 
evolutionary stage, such as complete gravitational collapse, the sole condition 
is that its linearly extrapolated primordial density should attain a certain value. 
The canonic example is that of a spherical tophat overdensity collapsing once 
it reaches the collapse barrier 5c ~ 1.69. The successive contributions to the 
local density by perturbations on a (mass) resolution scale Sm may be repre- 
sented in terms of a density perturbation random walk, the cumulative of all 
density fluctuations at a resolution scale smaller than Sm- By identifying the 
largest scale at which the density passes through the barrier 5c it is possible (1) 
to infer at any cosmic epoch the mass spectrum of collapsed halos and (2) to 
reconstruct the merging history of each halo (see Fig. 2, top right). 

In this study we demonstrate that also the formation and evolution of foamlike 
patterns as a result of the gravitational growth of primordial density perturba- 
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Figure 1. Illustration of the two essential “void hierarchy modes”: (top) the void-in-void 
process (top), with a void growing through the merging of two or more subvoids; (bottom) 
the void-in-cloud process: a void demolished through the gravitational collapse of embedding 
region. 

lions is liable to a successful description by the excursion set analysis. This 
is accomplished by resorting to a complementary view of clustering evolution 
in which we focus on the evolution of the voids in the Megaparsec galaxy and 
matter distribution, spatially the dominant component. An extensive descrip- 
tion of this work can be found in Sheth & Van de Weygaert (2003, MNRAS, 
submitted). 

2. Void Evolution: the two processes 

Primordial underdensities are the progenitors of voids. Because underdensi- 
ties are regions of suppressed gravitational attraction, representing an effective 
repulsive gravity, matter flows out of their interior and moves outward to the 
edges of these expanding voids. Voids expand, become increasingly empty and 
develop an increasingly spherical shape (Icke 1984). Matter from the void’s 
interior piles up near the edge: usually a ridge forms around the void’s rim and 
at a characteristic moment the void’s interior shells take over the outer ones. 
At this shell-crossing epoch the void reaches maturity and becomes a nonlinear 
object expanding self-similarly, the implication being that the majority of ob- 
served voids is at or near this stage (Blumenthal et al. 1992). As voids develop 
from underdensities in the primordial cosmic density field, the interaction with 
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internal substructure and external surrounding structures translates into a con- 
tinuing process of hierarchical void evolution (Dubinski et al. 1993, Van de 
Weygaert & Van Kampen 1993). 

The evolution of voids resembles that of dark halos in that large voids form 
from mergers of smaller voids that have matured at an earlier cosmic time 
(Fig. 1, top row). However, in contrast to dark halos, the fate of voids is ruled 
by two processes. Crucial is the realization that the evolving void hierarchy 
does not only involve the void-in-void process but also an additional aspect, 
the void-in-cloud process. Small voids may not only merge into larger en- 
compassing underdensities, they may also disappear through collapse when 
embedded within a larger scale overdensity (Fig. 1, bottom row). In terms of 
the excursion set approach, it means that the one-barrier problem for the halo 
population has to be extended to a more complex two-barrier problem. Voids 
not only should ascertain themselves of having decreased their density below 
the void barrier Sy of the shell-crossing transition. For their survival and sheer 
existence it is crucial that they take into account whether they are not situated 
within a collapsing overdensity on a larger scale which crossed the collapse 
barrier 6c- They should follow a random walk path like type “3” in Fig. 2 (bot- 
tom right), rather than the void-in-cloud path “4”. The repercussions of this 
are far-reaching and it leads to a major modification of the void properties and 
distribution. 5(x) 





= {5JoY 



Figure 2. Left: Void Size Probability Function for various values of the void-and-cloud 
parameter 5c/ Sv’- 1/2 (short dashed), 1 (dashed), 2 (dot-dashed), and oo (solid). For reference, 
the dotted curves are predictions by the “adaptive peaks model” of Appel & Jones (1990). 
Right: Excursion Set Random tValks, local density <5(x) as function of mass resolution Sm. 
Clearly, the fluctuations are larger as resolution Sm increases. (Top) Halo formation. Horizontal 
dashed bar is the collapse barrier Sc. (Bottom) Fate of void V2, illustrated by 2 possible random 
walks: curve “4” is a void-in-cloud process, curve “3” a void-in-void process. 
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3. Void Distribution: Universal, Peaked and Self-Similar 

Analytically, the resulting expression follows by evaluating the fraction of 
walks which first cross <5v at S, and which do not cross 5c until after they have 
crossed i5v (Sheth & Van de Weygaert 2003). An insightful approximation of 
this distribution, in terms of the “self- similar” void density v = S is 



uf{u) ^ 





\5^^_ D^\ 

5c ) ' 



( 1 ) 



in which the D = (|5v|/(<^c — <5v) parameterizes the the relative impact of void 
and halo evolution on the hierarchically evolving population of voids. 

The resulting distributions, for various values of D, are shown in Figure 2 
(left). The void size distribution is clearly peaked about a characteristic size: 
the void-in-cloud mechanism is responsible for the demise of a sizeable popu- 
lation of small voids. The halo mass distribution diverges towards small scale 
masses, so that in terms of numbers the halo population is dominated by small 
mass objects. The void population, on the other hand, is “void” of small voids 
and has a sharp small-scale cut-off. 

Four additional major observations readily follow from this analysis: (•) At 
any one cosmic epoch we may identify a characteristic void size which also 
explains why in the present-day foamlike spatial galaxy distribution voids of 
~ 20 — 30/i~^Mpc are the predominant feature; (•) The void distribution 
evolves self-similarly and the characteristic void size increases with time: the 
larger voids present at late times formed from mergers of smaller voids which 
constituted the dominating features at earlier epochs (Fig. 1, top panels); (•) 
Volume integration shows that at any given time the population of voids ap- 
proximately fill space, apparently squeezing the migrating high-density matter 
in between them; (•) As the size of the major share of voids will be in the 
order of that of the characteristic void size this observation implies that the 
cosmic matter distribution resembles a foamlike packing of spherical voids of 
approximately similar size and excess expansion rate. 

In all, a slight extension and elaboration on the original extension formalism 
enables the framing of an analytical theory explaining how the characteris- 
tic observed weblike Megaparsec scale galaxy distribution, and the equiva- 
lent frothy spatial matter distribution seen to form in computer simulations of 
cosmic structure formation, are natural products of a hierarchical process of 
gravitational clustering. A continuously evolving hierarchy of voids produces 
a dynamical foamlike pattern whose characteristic dimension grows continu- 
ously along with the evolution of cosmic structure, a Universe which at any 
one cosmic epoch is filled with bubbles whose size corresponds to the scale 
just reaching maturity. 
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Abstract We investigate a hierarchical structure formation scenario describing the evolu- 
tion of a Super Massive Black Holes (SMBHs) population. The seeds of the 
local SMBHs are assumed to be ’pregalactic’ black holes, remnants of the first 
POPIII stars. As these pregalactic holes become incorporated through a series of 
mergers into larger and larger halos, they sink to the center owing to dynamical 
friction, accrete a fraction of the gas in the merger remnant to become supermas- 
sive, form a binary system, and eventually coalesce. A simple model in which 
the damage done to a stellar cusps by decaying BH pairs is cumulative is able 
to reproduce the observed scaling relation between galaxy luminosity and core 
size. An accretion model connecting quasar activity with major mergers and the 
observed BH mass-velocity dispersion correlation reproduces remarkably well 
the observed luminosity function of optically-selected quasars in the redshift 
range l<z<5. We finally asses the potential observability of the gravitational 
wave background generated by the cosmic evolution of SMBH binaries by the 
planned space-bom interferometer LISA. 

Keywords: cosmology: theory - black holes - galaxies: evolution - quasars: general 

1. Introduction 

In Volonteri et al. 2003 (Paper I) we have assessed a model for the assembly of 
SMBHS at the center of galaxies that trace their hierarchical build-up far up in 
the dark halo ‘merger tree’. We have assumed that the first ‘seed’ black holes 
(BHs) had intermediate masses, niseed ~ ISOmQ, and formed in (mini)halos 
collapsing at z ~ 20 from high-cj density fluctuations (cfr. Madau and Rees 
2001). These pregalactic holes evolve in a hierarchical fashion, following the 
merger history of their host halos. During a merger event BHs approach each 
other owing to dynamical friction, and form a binary system. Stellar dynamical 
processes drive the binary to harden and eventually coalesce. 

The merger history of dark matter halos and associated black holes is followed 
through Monte Carlo realizations of the merger hierarchy (merger trees) which 
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allow to track the evolution of SMBH binaries along cosmic time, and analyze 
how their fate is influenced by the environment (e.g stellar density cusps). 

2. Accretion history 

The first stars must have formed out of metal-free gas, with the lack of an 
efficient cooling mechanism possibly leading to a very top-heavy initial stellar 
mass function. If stars form above 260 m©, after 2 Myr they would collapse 
to massive BHs containing at least half of the initial stellar mass. The mass 
density parameter of our ‘3.5-cj’ pregalactic holes is ^seed > 2 x 10“® h. This 
is much smaller than the density parameter of the supermassive variety found 
in the nuclei of most nearby galaxies, Osmbh ~ 2 x 10“®, Clearly, if SMBHs 
form out of very rare Pop III BHs, the present-day mass density of SMBHs must 
have been accumulated during cosmic history via gas accretion, with BH-BH 
mergers playing a secondary role. This is increasingly less true, of course, if 
the seed holes are more numerous and populate the 2- or 3-ct peaks instead, or 
halos with smaller masses at 2 > 20 (Madau and Rees 2001). 

To avoid introducing additional parameters to our model, as well as uncertain- 
ties linked to gas cooling, star formation, and supernova feedback, we adopt 
a simple prescription for the mass accreted by a SMBH during each major 
merger assuming that in every accretion episode the BH accretes a mass pro- 
portional to the observed correlation between stellar velocity dispersion and 
SMBH mass. The normalization factor is of order unity and is fixed in or- 
der to reproduce both the stellar velocity dispersion and SMBH mass relation 
observed locally and the optical LF of quasars in the redshift range l<z<5. 

3. Dynamical evolution of BH binaries 

During the merger of two halo-|-BH systems of comparable masses, dynami- 
cal friction drags in the satellite hole toward the center of the newly merged 
system, leading to the formation of a bound BH binary in the violently relaxed 
stellar core (Begelman et al. 1980). The subsequent evolution of the binary is 
determined by the initial central stellar distribution. As the binary separation 
decays, the effectiveness of dynamical friction slowly declines and the BH pair 
then hardens via three-body interactions, i.e., by capturing and ejecting at much 
higher velocities the stars passing close to the binary (Quinlanl996). The hard- 
ening of the binary modifies the stellar density profile, removing mass interior 
to the binary orbit, depleting the galaxy core of stars, and slowing down further 
hardening. If the hardening continues sufficiently far, gravitational radiation 
losses finally take over, and the two BHs coalesce in less than a Hubble time. 
The merger timescale is computed adopting a simple semi-analytical scheme 
that qualitatively reproduces the evolution observed in N-body simulations. 
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Figure 1. Mass deficit produced atz = 0 
by shrinking SMBHs in our merger tree as 
a function of nuclear SMBH mass ( filled 
dots). Left panel: cusp regeneration 
case. Right panel: core preservation case. 
Galaxies without a core are shown as ver- 
tical arrows at an arbitrary mass deficit of 
10® 7710. Empty squares, circles and tri- 
angles: mass deficit inferred in a sample 
of local galaxies by Milosavljevic et al. 
(2002) and Faber et al. (1997). 




Figure 2. Gravitational background 
from the ensemble of cosmic SMBH bi- 
naries. The characteristic strain squared is 
plotted vs. the wave frequency (solid line). 
Dashed line: LISA sensitivity window 

for one year observation. Thick dash at 
/ ~ 10“®: current limits from pulsar tim- 
ing experiments (Lommen(2002)). Lower 
solid line: the spectrum expected from the 
Galactic population of white dwarf bina- 
ries from Farmer and Phinney2003. 



If was first proposed by Ebisuzaki et al. (1991) that the heating of the sur- 
rounding stars by a decaying SMBH pair would create a low-density core out 
of a preexisting cuspy stellar profile. The ability of SMBH binaries in shaping 
the central structure of galaxies depends also on how galaxy mergers affect the 
inner stellar density profiles, i.e. on whether cores are preserved or steep cusps 
are regenerated during major mergers. To bracket the uncertainties and ex- 
plore different scenarios we run two different sets of Monte Carlo realizations 
(Volonteri et al. 2003, Paper II). In the first (‘ cusp regeneration’) we assume, 
that the stellar cusp oc is promptly regenerated after every major merger 
event. In the second (‘ core preservation’) the effect of the hierarchy of SMBH 
binary interactions is instead cumulative. The simple models for core creation 
described above yields core radii that scale almost linearly with galaxy mass, 
Tc OC in the range 10^^ < Mq < 4 x lO^^mQ. A similarly scal- 

ing relation was observed by Faber et al. (1997) in a sample of local galaxies. 
A better test of our model predictions against galaxy data is provided by the 
‘mass deficit’, i.e. the mass in stars that must be added to the observed cores 
to produce a stellar cusp (see fig. 1). The cusp regeneration model clearly 
underestimates the mass deficit observed in massive ‘core’ galaxies, while the 
core preservation one produces a correlation between ‘mass deficit’ and the 
mass of nuclear SMBHs with a normalization and slope that are comparable to 
the observed relation. 
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4. Gravitational waves from SMBH binaries 

We have computed the gravitational wave (GW) background (in terms of the 
characteristic strain spectrum) due to the cosmic population of SMBHs evolv- 
ing along the lines discussed in the previous sections. Details and a complete 
discussion can be found in Sesana et al.2003. 

Using a linearized GR theory of GW emission and propagation, framed in a 
cosmological context, we find that the broad band GW spectrum can be di- 
vided into three main different regimes (fig. 2): for frequencies 10-9 Hz, 
the background is shaped by SMBH binaries in the three-body interactions 
regime (orbital decay driven by stellar scattering); in the intermediate band, 
10-9;^ 10“® Hz, GW emission itself accounts for most of the potential 

energy losses, and the strain has the "standard" behaviour; finally, for 

10“®, the GW spectrum is formed by the convolution of the emission at the 
last stable orbit from individual binaries. In the first two regimes, the strain is 
dominated by rare low redshift events 2) involving BHs genuinely super- 
massive. At larger frequencies the contribute from smaller and smaller masses 
starts dominating. 

We have considered the possible future observability of the GW background 
by the planned LISA interferometer, showing that one year observation would 
suffice to detect the GW background due to SMBH binaries. Such background 
should largely overcome that due to galactic WD binaries. In the LISA win- 
dow (IQ-^^ 0.1 Hz), the main GW sources are BH binaries in the mass 

range 10^;$ 10^ Mq, with a relevant contribution from 3^ 20. In the 

nHz regime, probed by pulsar timing experiments, the amplitude of the charac- 
teristic strain from coalescing SMBH binaries is close to current experimental 
limits (Lommen 2002, see also Wyithe and Loeb 2003). 
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Abstract Recent observations show that quintessence, if it exists, must now he crawl- 



ing, even if it once was tracking. This means that any quintessence field stopped 
tracking relatively early, that the quintessence potential now has appreciable cur- 
vature, so that the equation of state wq{z) is still reducing for accessible red- 
shifts. The observational bound on wq rejects constant wq and inverse-power 
potentials, but allows the SUGRA potential for a range of initial curvature val- 
ues. 



1. The dark energy density is now exactly or nearly static 

The universe is flat, presently dominated by smooth energy, and the cosmologi- 
cal expansion has been accelerating since red-shift z ~ 0.7. While programs to 
test for quintessence and to reconstruct its potential are underway, we already 
know that radiation/matter equality took place at red-shift Zeq = 3454 332 , 
that h = Hq/WO = 0.72 ± 0.05, and we live at a time when 



Because these observations average over a small range in z, in which the 
quintessence field and wq{z) change relatively little, the fitted wq bound is 
also an approximate bound on wqq.) The background density, pB = (11.67o+ 
0.003378)/a^ mel4^, is now = 11.67 mel7'^ and was = 0.003378 GeV'^ 
at fiducial red-shift z = 10^^. Where necessary, we will fix h? = 1/2, 
so that the present critical density and smooth energy density are pcro = 
40.5 meV^, pqo = 28.8 meV^. 

We will show that these observational constraints already allow only crawling 
quintessence (Section 2) or potentials that are now fast-rolling(Section 3). Our 



Oqo = 0.71 ± 0.07, WQ < -0.78 (95% CL) 
1, 2. (The supernova observations fit an average 



( 1 ) 




■N 
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treatment transcends the many earlier treatments of the tracking condition 3, 
4, 5, 6 , 7 and of inverse power potentials 8 , 9 by calculating the post-tracker 
behavior in the present quintessence-dominated era, by considering the range 
of initial conditions that would lead to tracking, and by treating the numerical 
problems encountered in cosmological dynamics, particularly in the freezing 
and tracking eras. But first we review the attractor condition, in order to show 
how the basin of attraction shrinks for potentials satisfying the observational 
constraints. 

Canonical quintessence models the smooth energy dynamically by a spatially 
homogeneous light classical scalar field, wifh canonical kinetic energy K = 
(fP' / 2, minimal gravifafional coupling, zero frue cosmological consfanf, rolling 
down ifs self-polenlial V{4>). Wifh Ibis canonical form, fhe scalar field equa- 
fion of mofion 

(j) + 2>H^ + dV/d(l) = D, ( 2 ) 

has fhe firsf infegral 

y{N) = PQ-dpQ/^dN = pq{1-wq)/2, (3) 

where fhe energy densify and pressure are 

PQ = <^ 2/2 + V{4>), P/c^ = ^^12 - ( 4 ) 

and fhe quintessence barofropic index 7 q(A^) = —d\npQ/‘idN = ((p -|- 
Pjc^)! p)q = 1 -|- wq lies befween 0 and 2. Because fhe scalar field does nol 
clusfer even on superclusfer scales, ifs Compfon wavelengfh is 300 Mpc, so 
fhaf ifs mass mg = ^/dPvJdcjP ;$ 1.577 — 36 meV musf be incredibly small. 

From fhe energy integral, {xd(j)/dN)‘^ = 6x^, where = (fP /2p = dygffg 
is fhe quintessence kinefic energy fraclion of fhe fofal energy density and 
X = x/SvrG = l/Mp = 1/2. 447718 GeV is fhe reduced Planck mass. The 
kinelic/polenlial energy ratio K/V = (1 -|- mg) /(I — wq changes af fhe rate 
A(ty) — 1 = c71n((l -|- wq ) /(I — Wq)) /QdN . For fhe roll, we obfain 

A = -d\nV/xd(l) = ^3-fQ/flQ ■ A, (5) 

and 

xd(f)/dN = -s/SjqYIq, dwQ / dN = 3{1 - Wq){A - 1). (6) 

The fofal barofropic index is 7 = 'Yb^b+Iq^q = l+msns-l-mgflg, where 
fhe dimensionless ratios, fig, VIb = Pb/{p + Pq), are fhe energy density 
fractions in quintessence and in background, and 7 g, 75 = —dhipB/3dN 
are fheir corresponding barofropic indices. Infegrafing fhe firsf equafion ( 6 ), 
would give an implicif relafion befween cj) and V ( 0 ), so fhaf, fhe pofenfial can 
be reconsfrucfed from fhe equafion of sfafe wq{N). 
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Table 1. Potentials Described by Roll A = —dlnV/xdf and Curvature l//3(0) = 
d^ InVKxdfflX'^. 



V(f) 


A(<3) 


Pif) 


NAME 


exp —\x(j> 


A = const 


00 


exponential 


1/ sinh“ (a>f(/)) 


{act) cot\i{a>c(f>) 


a cosh^ (axf) 


const VJQ 




a! ycf 


const = a 


inverse power 


const 


0 


0 


cosmological const 


4>~°‘ ■ exp (xr<3)^/2 


aj ycf — xcj) 


(a - ye'^f^fUa + >P<)?) 


SUGRA 



Besides A, the potential depends on the curvature q = >c^ d^V / d(fP‘ . When 
the curvature is small, 4> is negligible in the equation of motion (2). When the 
potential is flat (e = A^/2 <C 1), the kinetic energy <^^/2 is negligible in the 
quintessence energy (3). During ordinary inflation, both these conditions hold 
(slow roll approximation)-, the expansion is dominated by the cosmological 
drag and the field is nearly frozen. In quintessence, on the other hand, the 
acceleration began only recently, so that the roll and curvature may still be 
appreciable. This invalidates the slow roll approximation for quintessence, so 
that the dynamical equations need to be integrated numerically. 

Unless the quintessence field undergoes a phase transition, the quintessence 
field rolls monotonically towards a minimum at 0 = oo or at infinity: either 
way, the potentials we consider are always convex with curvature 1/ f5{4)) = 
rf2lnU/>f2d(/,2/A2 = r - 1, where T = V d^V j d<f^ j {dV j d<ff = qj'le. 
The constant values j3 = 0, a, oo define the cosmological constant, inverse 
a power, and exponential potentials. The bottom row in Table 1 is the more 
realistic SUGRA potential, in which varies for cp ^ Mp. 

In place of the phase variables (/), wq = (P//?)q, wemay usex(A)2, y{N)‘^ = 
VqIp, for which the equations of motion are 4, 5,6,7 

dx/dN = —2>x + A\/3/2y2 + 8x7/2 (7) 

dy/dN = -AyW^a^y + 3y7/2 (8) 

dX/dN = —s/QX^xjf3 or d{l/X)/dN = V6xj(3. (9) 

Thus 7 = 7 qUq + 7sUs = 2^2 + 7^(1 — x'^ — is a time-dependent func- 
tion of the scalar field </>(iV), and ^2 -|- y2 — 2x‘^ = CIqjq, x'^ jy'^ = 

K/V = (1 -P wq)/{1 — Wq), dln{x‘^ /y‘^)/dN = 6(A — 1). The three- 
element system (6-8) is autonomous, except for the slow change in 75 (A) 
from 4/3 to 1 , while gradually going from the radiation-dominated to the matter- 
dominated universe, around red-shift Zeq = 3454 . 

The magnitude of V must be chosen so that the value Vq = pcroyo = Pcro(l — 
wqo) /2, is reached at present. For example, inverse power potentials, require 
mass scale M = (Vo<^q listed in the penultimate column of Table 
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1. For a < 0.2, this mass scale is close to observed neutrino masses and to 
the present radiation temperature, possibly suggesting some role for the neu- 
trino mass mechanism or for the matter/radiation transition, in bringing about 
quintessence dominance. For larger a values, this mass scale can be consider- 
ably larger, suggesting the larger scales we know in particle physics. 

While the evolution of a homogeneous scalar field depends only on its equation 
of state wq = P/pQC^, the evolution of its fluctuations depends also on the 
effective sound speed = {dP/dcp) /{dpg/dcj)). With the linear form for the 
kinetic energy K = / 2 that canonical quintessence assumes, and 

dwq/dz > 0. Non-linear forms for the kinetic energy, like k-essence, would 
allow violations of the Weak Energy Condition and give different sound speed 
and structure evolution. Despite this difference in sign of dwq / dz, k-essence 
is hardly distinguishable from quintessence, unless 0 since the surface 
of last scattering 10. We will consider only canonical quintessence evolution 
with the Friedmann expansion rate pl‘S. 

2. Acceptable inverse power potentials require fine-tuned 
initial conditions 

For the simple inverse power law potentials V{(f)) = M^+"/(/)“, the curvature 
(5 = a = constant, so that the equation of motion (2) has exactly scaling so- 
lutions in both the radiation- and the matter-dominated eras. As quintessence 
becomes appreciable, these trajectories curve towards the x = 0 (asymptotic 
de Sitter) axis. Such inverse power potentials arise naturally in supersym- 
metric condensate models for QCD or instanton SUSY-breaking, but require 
appreciable quantum corrections when (j) ^ Mp. 

The tracker is a fixed attractor for an exponential, but a slow-moving (in- 
stantaneous) attractor for inverse power potentials. The second column in 
Table 2 gives the range in tracker values wgtr, from jpotHcx -|- 2) — 1 = 
(a — 6) /3(a -|- 2), during the radiation-dominated era, to — 2/(a -|- 2), during 
the matter-dominated era. The third column gives the initial Dg at z = 10^^, 
for an attractor solution to evolve to the present Dgo = 0.71. The next five 
columns, between the two vertical double bars, summarize the post-tracker, 
present values for inverse power potentials. The penultimate column tabulates 
the scalar mass scales needed, in order to reach VIqq = 0.71. For small a, 
the mass scale needed is small, of the order of the present radiation tempera- 
ture, and (j)Q < Mp, so that quantum corrections are still small. For large a, 
quintessence would have dominated early enough to interfere with structure 
formation in the matter-dominated era and quantum corrections would now 
need to be applied. 

For an inverse power potential, A = Ao(yi7/yo-f^o)^^“ in terms of present 
values of y, PI, A. Integrating equations (7,8) then gives, in the last col- 
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Table 2. Tracker and Present (Q.qo = 0.71) Solutions for Inverse Power Potentials. 



a 


'^Qtr 




WQO 


(K/V)o 


Ao 


xfo 


M 


log flQi 


6 


0..-0.25 


-10.9 


-0.41 


0.42 


1.52 


3.95 


5 PeV 


-40..-2 


1 


-0.55..-0.67 


-29.3 


-0.76 


0.13 


0.91 


1.10 


2keV 


-40..-2 


0.5 


-0.73..-0.80 


-35.2 


-0.86 


0.07 


0.69 


0.73 


5 eV 


-42..- 14 


0.1 


-0.94..-0.95 


-41.9 


-0.97 


0.02 


0.35 


0.28 


12meV 


-42..-32 


0 


-1 


-44.1 


-1 


0 


0 


- 


2.5 meV 


-44.1 



Table 3. Quintessence Potentials Which Track Early, But Slow Roll Now. 



Quintessence Potential V {4>) 


Theoretical Origin 


M^^lcosif/f) + 1] 

M4+“0-“.exp|(><<3)'’/2 

Mf[A + (xf — x(/)m)°‘] expl—Xxf) 


String, M-theory pseudo Goldstone light axion 
Supergravity (SUGRA) 
Exponential modified by prefactor; M-theory 



umn, the range of initial Cloi that would flow onto the presently-allowed values 

Oqo = 0.71 ntQ < -0.78^ 

Fast-rolling a = 6 trajectories, out of a broad basin of attraction, would track 
by now to wqq = —0.41, which is excluded observationally. As a decreases, 
wqo decreases, but the basin of attraction shrinks. For a < 0.5, the presently- 
tracking range in initial values of log Clgi is already more than fourteen orders 
of magnitude narrower than the initial range of the good trackers originally 
proposed 3 for a = 6. For a cosmological constant (a = 0), the present 
value is realized, of course, only if it is initially fixed at its present value pg = 
28.8 meV^. 

For inverse power potentials, the observations that wg is already close to the 
cosmological constant value —1, thus requires a < 1, so that the energy was 
always potential dominated (x << y). These relatively slow -roll trajectories 
never track, but crawl towards their present values, only because they were 
initially tuned close to these values. 

3. Conclusions 

The observations wg < —0.78 will allow phase trajectories that are presently 
insensitive to initial conditions, only if the curvature, 1 / /3((/>), increases rapidly 
near the present epoch Kcf) ~ 1. For example, the SUGRA models have min- 
ima at x</) = y/a. Far below this minimum, they behave and track like inverse 
power potentials, but near the minimum, the curvature increases rapidly. This 
makes the SUGRA phase trajectories scale in the background-dominated era, 
but then curve down to lower wg^ values, in marginal agreement with obser- 
vations, for a large range in a values. 
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This needed post-tracking behavior is illustrated by the popular potentials listed 
in Table 3. These potentials require fine-tuning of their parameters, but may yet 
be distinguished from true cosmological constants by combined supernova and 
CBR observations in the next decades. Canonical quintessence thus requires 
fine-tuning of initial conditions and/or the functional form of the quintessence 
potential. 

We have not considered models with a true cosmological constant, quantum 
corrections to classical quintessence, non-linear kinetic energies, nor large ex- 
tra dimension or brane cosmology models, for which the Friedmann equation 
is modified at very early times. Within canonical quintessence, two conse- 
quences follow from the attractor behavior of the equations of motion: 

(1) For an early attractor to produce a smooth energy, that is now insensitive to 
initial conditions, canonical quintessence requires a potential curvature j3{(f)) 
that is now changing rapidly, for a wq{z) that is now still diminishing. Other- 
wise, dynamical vacuum energy appears hardly distinguishable, theoretically 
and phenomenologically, from the small cosmological constant it was designed 
to explain or from a time-dependent cosmological constant. 

(2) Unless the smooth energy disappears in the future, the future de Sitter at- 
tractor is inevitable, with two consequences: (i) For reasons canonical quintessence 
does not explain, we live in a transient, special time, after matter-domination 
and large scale structure formation; (ii) The future event horizon will make 
some future events causally disconnected, so that galaxies outside the Local 
Supercluster and indeed asymptotic particles and an S-matrix will ultimately 
become unobservable. Thus cosmological observations already stress the spe- 
cial time when we live and may ultimately require modifying basic quantum 
mechanical concepts 
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Abstract Chandra X-ray observations of rich, dynamically relaxed galaxy clusters allow 
the properties of the X-ray gas and the total gravitating mass to be determined 
precisely. By combining Chandra results on the X-ray gas mass fractions in 
clusters with independent measurements of the Hubble constant and the mean 
baryonic matter density of the universe, we obtain a tight constraint on the mean 
matter density of the universe, Hm, and an interesting constraint on the dark 
energy density, Ha- Using these results, together with the observed local X- 
ray luminosity function of the most X-ray luminous galaxy clusters, a mass- 
luminosity relation determined from Chandra and ROSAT X-ray data and weak 
gravitational lensing observations, and the mass function predicted by numerical 
simulations, we also obtain a precise constraint on the normalization of mass 
fluctuations in the nearby universe, erg. 

Keywords: X-rays: galaxies: clusters - gravitational lensing — cosmological parameters 

1. Introduction 

Accurate measurements of the masses of clusters of galaxies are of profound 
importance to cosmological studies. Galaxy clusters are the largest gravitationally- 
bound objects known and their spatial distribution, redshift evolution and mat- 
ter content provide sensitive probes of cosmology. 

Currently, our two best methods for measuring the masses of clusters use X- 
ray observations and studies of gravitational lensing by clusters. X-ray mass 
measurements are based on the assumption that the hot. X-ray emitting ( 10® 

K) gas in clusters is in hydrostatic equilibrium. The distribution of mass can 
be determined once the temperature and density profiles of the gas are known. 
The launch of the Chandra X-ray Observatory and XMM-Newton have revo- 
lutionized X-ray studies, permitting the first detailed, spatially-resolved X-ray 
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Figure 1. A comparison of the mass measurements obtained from Chandra X-ray observa- 
tions (solid lines) and wide field weak leasing studies (triangles) of two of the dynamically 
relaxed clusters in our sample: Abell 2390 (left; Allen et al. 2001) and RXJ1347.5-1 145 (right; 
Allen et al. 2002b). Error bars are 68 per cent confidence limits. 



spectroscopy of clusters and opening the door to precise mass measurements 
for dynamically relaxed systems from X-ray data. Gravitational lensing stud- 
ies, in contrast, offer a method for measuring the masses of clusters that is 
essentially free from assumptions about the dynamical state of the gravitating 
matter, allowing these techniques to be applied to dynamically active systems. 
The last decade has seen rapid progress in lensing studies, to the point where 
obtaining weak lensing mass measurements for the largest clusters has become 
a relatively straightforward task {e.g. Dahle et al. 2002). The combination of 
X-ray and gravitational lensing observations provides the best way to obtain 
robust measurements of the masses of clusters, as well as a powerful probe of 
the dynamical states of these systems. 

2. X-ray and lensing mass measurements 

Fig. 1 shows a comparison of the Chandra X-ray and weak lensing results 
on the projected mass profiles (luminous plus dark matter) for two of the dy- 
namically relaxed clusters in our sample: Abell 2390 (left) and RXJ1347.5- 
1 145 (right) - the most X-ray luminous cluster known. We find that for both 
clusters the mass profiles can be parameferized using the ‘universal’ form de- 
termined from simulations by Navarro, Frenk & White (1997), with concen- 
tration parameters and scale radii within the ranges expected for clusters of 
these masses. The agreement between the independent lensing and X-ray mass 
measurements is good in both cases, confirming the validity of the hydrostatic 
assumption used in the X-ray analysis and ruling out significant non-thermal 
pressure support on large spatial scales. 
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Figure 2. The observed (left) and predicted (right) gravitational arc geometry in MS2137.3- 
2353 (Allen & Schmidt, in preparation). The source positions in the model are denoted by 
crosses. The central position for the dominant mass clump in the cluster is marked with a plus 
sign. Arc redshifts are measured by Sand et al. (2003). 

Fig. 2 shows the observed (left) and predicted (right) gravitational arc ge- 
ometry in MS2137. 3-2353 (Allen & Schmidt, in preparation). We find that a 
simple NFW mass model, based on the best-fitting Chandra X-ray mass model, 
with an ellipticity and orientation matching that of the cD galaxy, provides a 
good description for the overall arc geometry in the cluster. Similar results 
are obtained for other clusters e.g. Abell 1835 (Schmidt et al. 2001) and 
RXJ1347.5-1145 (Allen et al. 2002). 

3. Cosmological constraints from the X-ray gas mass 
fraction in dynamically relaxed clusters 

The matter content of rich clusters of galaxies is thought to provide an almost 
fair sample of the matter content of the universe as a whole (White et al. 1993). 
The observed ratio of the baryonic to total mass in clusters should therefore 
closely match the ratio of the cosmological parameters where 12b and 

are the mean baryon and total mass densities of the Universe in units of the 
critical density. The combination of robust measurements of the baryonic mass 
fraction in clusters with accurate determinations of Ub from cosmic nucleosyn- 
thesis calculations (constrained by the observed abundances of light elements 
at high redshifts) can therefore be used to determine Um. 

The baryonic mass content of rich clusters of galaxies is dominated by the X- 
ray emitting intracluster gas, the mass of which exceeds the mass of optically 
luminous material by a factor ~ 6; the baryonic mass fraction in stars, deter- 
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Figure 3. The apparent redshift variation of the X-ray gas mass fraction measured within 
f 2500 for a reference SCDM {h = TTo/lOOkm s“^ Mpc~'^ = 0.5) cosmology. The curve shows 
the predicted /gas(«) behaviour for the best-fitting cosmology. Note that our analysis includes 
data for one extra cluster at z = 0.54, not shown in the figure (Allen et al. , in preparation). 

mined from detailed studies of nearby clusters, scales as 0.19/l*^•^/gas^ where 
/gas is the fraction of the total mass in X-ray emitting gas {e.g. Fukugita, Hogan 
& Peebles 1998.) Since the X-ray emissivity of the gas is proportional to the 
square of its density, the gas mass profile can be precisely determined from the 
X-ray data. With the advent of accurate measurements of Ht, {e.g. Kirkman 
et al. 2003 and references therein) and a precise determination of the Hubble 
Constant, Hq (Freedman et al. 2001), the dominant uncertainty in determining 
from the baryonic mass fraction in clusters had lain in the measurements 
of the total (luminous plus dark) matter distributions in the clusters. However, 
the new Chandra data and gravitational lensing studies have now reduced the 
uncertainties in the baryonic mass fraction measurements for dynamically re- 
laxed clusters to ~ 10 per cent, an accuracy comparable to the current fib and 
Hq results. 

Expanding on these simple arguments, we can also constrain the dark energy 
density if we examine the apparent variation of the observed /gas values with 
redshift. Such methods were first proposed by Sasaki (1996) and Pen (1997). 
The key point is that when measuring the X-ray gas mass fraction from the X- 
ray data, one needs to adopt a reference cosmology. The measured /gas value 
for each cluster will depend upon the assumed angular diameter distance to 
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Figure 4. The joint 1, 2 and 3 o confidence contours on and Ha determined from the 
current Chandra /gas(z) data (bold contours), and independent analyses of pre-WMAP CMB 
data and the properties of distant supernovae (adapted from Jaffe et al. 2001). 

the source as /gas oc Thus, although we expect (based on theory and 

numerical simulations) the observed /gas values to be invariant with redshift, 
this will only appear to be the case when the assumed cosmology matches the 
true, underlying cosmology. 

Fig. 3 shows the measured /gas values as a function of redshift for the cur- 
rent, published sample of 9 clusters for an assumed Einstein-de-Sitter (SCDM: 
= 1-0, 12 a = 0.0) cosmology. The results indicate an apparent drop in /gas 
as the redshift increases. In order to obtain our constraints on cosmological pa- 
rameters, we have fitted the data with a model which accounts for the expected 
apparent variation in the fgas{z) values as the true, underlying cosmology is 
varied. In detail, the fitted model function is 



which depends on 12m, 12 a> 12b, h and a bias factor b. The ratio (/i/0.5)^'^ 
accounts for the change in the Hubble constant between the considered model 
and default SCDM cosmology {h = 0.5), and the ratio of the angular diameter 
distances accounts for deviations in the geometry of the Universe from the 
Einstein-de-Sitter case. The bias parameter b is motivated by gasdynamical 




612 b 



( 1 ) 
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simulations which suggest that the baryon fraction in clusters is slightly lower 
than for the universe as a whole. We include a Gaussian prior h = 0.83 ± 0.04, 
appropriate for such hot, massive clusters (Eke, Navarro & Frenk 1998). We 
also include Gaussian priors on the Hubble constant, h = 0.72 ± 0.08, the 
final result from the Hubble Key Project (Freedman et al. 2001), and = 
0.0214 ± 0.0020, from cosmic nucleosynthesis calculations constrained by the 
observed abundances of light elements at high redshifts (Kirkman et al. 2003). 

The best-fit parameters and marginalized la error bars, based on data for the 
present sample of 10 X-ray luminous, dynamically relaxed clusters are = 
0.27 ± 0.03 and Ha = 0.78 ± 0.33. 

Fig. 4 shows how the constraints from the Chandra /gas data compare with 
those obtained by Jaffe et al. (2001) from studies of pre-WMAP cosmic mi- 
crowave background (CMB) data (incorporating the COBE Differential Mi- 
crowave Radiometer, BOOMERANG-98 and MAXIMA- 1 data of Bennett et 
al. 1996, de Bernardis et al. 2000 and Hanany et al. 2000, respectively) and 
the properties of distant supernovae (incorporating the data of Riess et al. 1998 
and Perlmutter et al. 1999). The agreement between the results obtained from 
the independent methods is striking: all three data sets are consistent at the la 
confidence level, and favour a model wifh Hm = 0.3 and Ha = 0.7 — 0.8. Our 
resulfs are also consisfenf wifh fhose obfained from more recenf CMB dafa 
(Spergel el al. 2003, Allen el al. , in preparalion) and analyses of Ihe 2dF 
Galaxy Redshifl Survey dafa (Percival el al. 2002). 

4. The normalization of mass fluctuations in the Universe 

Combining Chandra resulls on Ihe masses of dynamically relaxed clusters 
wilh wide field weak tensing sludies of more dynamically active systems and 
ROS AT measurement of Iheir X-ray luminosities, we can create a mass-luminosily 
relation. Filling Ihese dala wilh a power law model of Ihe form 
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where E{z) account for Ihe cosmological scaling of Ihe critical density, we 
oblain besl-filling values and 68 per cenl confidence limit from bootlrap 
simulations of logic (Mc//i5Q^ Mq) = 1 - 4 - 29 /q 23 a = 0. 76/033. "I"!*® 
observed slope is in good agreemenl wilh Ihe predicted slope of Ihe mass- 
bolometric luminosity relation from simple, ‘adiabatic’ models of gravilalional 
collapse, a = 0.75. 
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Figure 5. The joint 1, 2 and 3 sigma confidence contours on erg and Sim from the present 
study of X-ray and lensing cluster data. A flat ACDM cosmology is assumed. 

We can combine the observed mass-luminosity relation with the predicted 
mass function of clusters from the Hubble Volume simulations of Evrard et al. 
(2002) to predict the X-ray luminosity function (XLF) of clusters (the number 
density as a function of luminosity) as a function of cosmological parameters: 
fjs - the rms variation of the linearly-evolved density field on 8/i“^Mpc scales 
- and Hm. These predictions can then be compared with the observed XLF, 
determined from the ROSAT All-Sky Survey (Ebeling et al. 2000; BAuhringer 
et al. 2002), to constrain these parameters. 

Fig 5. shows the results on as and (for an assumed fiat ACDM cosmol- 
ogy) obtained by this method, having also folded in the constraints on Dm from 
the X-ray gas mass fraction data discussed in Section 3. We obtain the best-fit 
results as = 0.71 ±0.04 and Dm = 0.27±0.03 (marginalized 68 per cent con- 
fidence limifs). Our resulfs are in good agreemenf wifh fhose obfained by ofher 
groups using similar mefhods (e.g. Reiprich & BAuhringer 2002; Schuecker 
el al. 2003) as well as independenl analyses of pre-WMAP CMB-i-2dF dala 
(e.g. Lahav el al. 2002), posl-WMAP CMB-i-2dF dala (e.g. Allen, Schmidl 
& Bridle 2003), measuremenls of evolution in Ihe cluster XLF {e.g. Borgani 
el al. 2001), and some recenl findings based on sludies of cosmic shear {e.g. 
Jarvis el al. 2003, Brown el al. 2003). However, our value for erg is lower lhan 
Ihose oblained by some olher sludies of cosmic shear {e.g. van Waerbeke el 
al. 2002; Refregier el al. 2002), and Ihe reported detection of excess power al 
high multipoles in Ihe CMB power speclrum (Bond el al. 2003). 
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The constraints on cosmological parameters and, in particular, the constraints 
on dark energy, will continue to improve as further high-quality X-ray and 
gravitational lensing data are gathered. 
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Abstract Recent X-ray observations have highlighted clusters that lack entropy cores. At 
first glance, these results appear to invalidate the preheated ICM models. We 
show that a self-consistent preheating model, which factors in the effects of ra- 
diative cooling, is in excellent agreement with the observations. Moreover, the 
model naturally explains the intrinsic scatter in the L-T relation, with “cooling 
flow” and “non-cooling flow” systems corresponding to mildly and strongly pre- 
heated systems, respectively. We discuss why preheating ought to he favoured 
over merging as a mechanism for the origin of “non-cooling flow” clusters. 

Keywords: Intracluster Medium, Sunyaev-Zel’dovich Effect, X-rays, Entropy Profiles 

1. Introduction 

Correlations between the various X-ray and Sunyaev-Zel’dovich Effect (SZE) 
properties of galaxy clusters offer important clues into the physical processes 
that have impacted the intracluster medium (ICM). Observed scaling relations 
have been shown to deviate significiantly from expectations based on numer- 
ical simulations and analytic models that only take into account the influence 
of gravity on the ICM. Such discrepancies have prompted considerations of 
additional, previously unexamined, gas physics. One model, the preheating 
model, explores the possibility that the nascent ICM is heated by galactic winds 
and/or AGN outflows from galaxies existing at the time. Even in its simplest 
avatar, the model scaling relations, be they SZE v. SZE, SZE v. X-ray or X-ray 
V. X-ray, are in remarkable agreement with the observations (cf. Babul et al. 
2002; McCarthy et al. 2002; McCarthy et al. 2003). However, recent X-ray 
data from XMM-Newton and Chandra suggests a potential problem with the 
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model. Preheating of the ICM sets an entropy floor that manifests itself as a 
central core-like structure in the entropy profile. A number of observed profiles 
show no such cores. Although we recognize that the current set of published 
Chandra and XMM-Newton cluster results are biased in favour of “massive 
cooling flow” systems or active mergers, the very existence of systems with 
power-law-like entropy profiles needs addressing. 

Here, we briefly report on our efforts to understand this particular issue, and 
its implications for the preheated model. Our investigations involve a re- 
examination of the assumptions underlying the theoretical model as well as 
of the observational evidence for and against the model. 

2. Re-examining the Theoretical Model 

Most preheating models are incomplete in that they do not take into account ra- 
diative cooling (cf. Babul et al. 2002). While preheating lowers the efficiency 
of cooling, it does not mitigate it entirely and over a Hubble time, the effects 
of cooling can be significant. Several recent studies (Voit et al 2002; Dave et 
al. 2002), have highlighted the potentially important role of cooling though 
not necessarily in the context of a preheated model. Traditionally, cooling has 
been difficult to model. However, we have developed a fast, efficient scheme 
for doing so. The scheme can factor in the effects of not only preheating and 
radiative cooling (due to both line and continuum emission) on the ICM over 
cosmological timescales, but potentially also those due to other processes such 
as conduction. The scheme is currently being tested against detailed hydro- 
dynamic simulations and the initial results are very encouraging. A detailed 
description of this scheme will be forthcoming. Here we present some early 
results for the preheated-i-cooling model. 

3. Cluster Entropy Profiles: Theory and Observations 

Figure 1 shows the effects of varying levels of preheating-i-cooling on cluster 
entropy profiles. Radiative cooling is very efficient in clusters subjected to 
low levels of preheating. It causes the central entropy core to disappear on a 
relatively short timescale and drives the entropy profile into the ^ power-law 
form reminiscent of the observed profiles of “cooling flow” (CF) clusters. In 
contrast, cooling is much less efficient in clusters with highly preheated ICM. 
We have assembled a preliminary collection of observed entropy profiles in 
order to see how these compare to the model results. We find, suprisingly, that 
the observed entropy profiles are not all self-similar and power-law-like, but 
span the entire range of shapes seen in Figure 1 . 
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Figure 2. The Lx — Tx relation for 
« < 0.2 clusters constructed using the ac- 
tual observed values, as opposed to “cooling 
flow corrected” quantities. Within this lo- 
cus, we identify the locations of known “cool- 
ing flow” and “non-cooling flow” clusters (see 
text for details). We also show the Lx — Tx 
results for the preheated-l-cooling model. We 
identify NCF and mCF systems with high and 
low Ko values, respectively. 

4. Reconstructing the Scaling Relations 

Figure 2 shows Lx — Tx relation for preheated-i-cooling clusters subjected to 
varying levels of preheating and observed 10 Gyrs later. Also plotted are the 
{Lx, Tx) for z < 0.2 clusters from Horner’s ASCA Cluster Catalogue (Horner 
et al. 2001). Unlike the data typically used in the construction of such plots, 
this set is not “cooling flow corrected”. This is important. The theoretical 
values incorporate the effects of cooling; therefore, a fair comparison with the 
observations requires that we use data of comparable character. 

Both the corrected and the uncorrected data exhibit the same correlations, 
though the latter has larger scatter. This is well known. However, the scat- 
ter is not random. Based on features in the temperature and X-ray SB profiles, 
we have classified clusters as non-cooling flow clusters (NCF - squares), or- 
dinary cooling flow clusters (CF - triangles), or massive cooling flow clusters 
(mCF - circled triangles). Although most clusters remain unclassified, it is 
readily apparent that NCF systems lie close to the upper-left edge of the band 
while the mCF clusters delineate the opposite (lower-right) edge. 

Comparing the preheated-i-cooling model predictions against the observations, 
we find the two in excellent agreement. However, in order to account for the 
breadth and structure within the observed Lx — Tx band, we have to abandon 
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Figure 1. Entropy profiles of a 
cluster preheated to different values of Ko and 
observed after 10 Gyrs. The efficacy of radia- 
tive cooling increases with decreasing Ko . In 
clusters with low Ko values, cooling rapidly 
erases the central core and drives the profile 
into a power-law, reminiscent of the ob- 
served “cooling flow” clusters profiles. In- 
triguingly, entropy profiles of actual clusters 
span the entire range of profile shapes shown. 
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our previous ad hoc assumption of uniform energy injection across the entire 
cluster population. Within our framework, the NCFs correspond to strongly 
preheated systems {Ko ~ 400-500 Kev cm^) while the mCFs correspond to 
mildly preheated systems {Ko ~ 100-200 Kev cm^). 

5. Non-Cooling Flow Clusters: Products of Preheating? 

The assertion that NCF systems are strongly preheated clusters runs counter to 
the prevailing view. In the latter, NCFs are identified as clusters whose cool 
dense gas cores, the source of the excess central X-ray emission characteristic 
of the CF clusters, have been disrupted by major mergers. Images of NCFs 
with disturbed X-ray morphologies are often used to support this scenario. 
However, there are numerous CF systems that also appear to be in the throes 
of on-going mergers. Perseus is one such example (Churazov et al. 2003). 
The ubiquity of mergers argues against them being the cause of the differences 
between CFs and NCFs. To test our hypothesis, we have carried out a series 
of numerical simulation experiments. One distinguishing feature of our study 
is that our simulations include radiative cooling. Preliminary results suggests 
that even for nearly head-on 3:1 mergers, variations in the X-ray observables 
of the primary cluster are extremely short-lived. In particular, we find fhaf if 
fhe primary sfarfs ouf as a CF-like sysfem, by fhe time fhe merger remnanf has 
been assimilafed, if will have regained ifs CF-like characfer. Moll el al. 2003 
loo gel similar resulls. These findings argue lhal Ihere oughl not lo be any 
dynamically relaxed NCF systems. Bui Ihere are: eg. A1413, A1651, A2319, 
A3 15 8. Thai such systems exisl al all furlher indicates an alternate origin for 
Ihe CF/NCF clusters. 

To reiterate, a self-consislenl model of Ihe ICM lhal factors in radiative pro- 
cesses and allows for clusler-lo-clusler variations in Ihe level of initial preheal- 
ing nol only is able to accounl for Ihe existence and Ihe properties of CF and 
NCF clusters, bul also of Ihose lhal are belween Ihese Iwo exlremes. 

We wish to lhank our collaborators, M. Balogh, G. Holder, M. Fardal, T. Quinn, 
and D. Horner for Iheir conlribulions to Ihe work described here. 
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Abstract We determine the evolution of the number density of the galaxy clusters between 
z = 0 and 2 = 0.5. Our method uses the cluster baryon mass as a proxy for the 
total mass, thereby avoiding any uncertainties of the Mtot — T or Mtot — Lx 
relations. Instead, we rely on a well-founded assumption that the Mb/Mtot 
ratio is a universal quantity. Taking advantage of direct and accurate Chandra 
measurements of the gas masses for distant clusters, we find strong evolution 
of the baryon mass function between z > 0.4 and the present. The observed 
evolution defines a narrow band in the Clm — A plane which intersects with 
constraints from the Cosmic Microwave Background and supemovae la near 
Llm = 0.3 and A = 0.7. Assuming the flat Universe, cluster evolution favors 
the values of the dark energy equation of state parameter, w « — 1. 



1. Introduction 

The growth of large scale structure in the near cosmological past is a sensi- 
tive cosmological probe. One of the strongest manifestations of the growth 
of density perturbations is the formation of virialized objects such as clusters 
of galaxies. Therefore, the evolution of the cluster mass function provides a 
sensitive cosmological test. 

Most of the difficulties with using cluster evolution as a cosmological probe 
are on the observational side. The foremost problem is the necessity to relate 
cluster masses with other observables. The most widely used observable is 
the temperature of the intracluster medium which should scale with the virial 
mass as M oc To normalize this relation, virial masses still have to 

be measured in a representative sample of clusters. Unfortunately, theoretical 
prediction for the number density of clusters with a given temperature is ex- 
ponentially sensitive to the normalization of the M — T relation. Given that 
±50% is a fair estimate of the present systematic uncertainties in the M — T 
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normalization, the impact of this relation on cosmological parameter determi- 
nation can be very significant. 

We apply the evolutionary test to a new sample of distant, 2 ; > 0.4, clusters 
derived from the 160 deg^ ROSAT survey (Vikhlinin et al. 1998, Mullis et al. 
2003), relying on the evolution of the cluster scaling relations as measured by 
Chandra, and using a modeling technique which does not rely upon the total 
mass measurements to normalize the M — T or M — L relations and therefore 
bypasses many of the uncertainties mentioned above. 

The proposed method relies on the assumption that the baryon fraction within 
the virial radius in clusters should be close to the average value in the Uni- 
verse, (White et al. 1993). The baryon mass in clusters is relatively 

easily measured to the virial radius. To first order, the baryon and total mass 
are related simply as Mb = M Vlb/Clm, which results in a trivial relation be- 
tween the cumulative total mass function, F{M), and the baryon mass func- 
tion, Ff,{Mb), Fb{Mj,) = F Mh). The average baryon density in the 

Universe is accurately known, e.g., from the BBN (Buries, Nolle! & Turner 
2001). Therefore, we have everything needed to convert the theoretical model 
for the total mass function, F{M), to the prediction for a directly measurable 
baryon mass function — to compute F{M) one must choose a value of Vim, 
which fixes fhe scaling befween fhe fofal and baryon mass. 

A defailed descripfion of fhe dafasefs used and fhe fechnical aspecfs of fhe 
applicafion of fhis mefhod fo model fhe cluster dafa are given in Voevodkin 
& Vikhlinin (2003) and Vikhlinin el al. (2003). The observed baryon mass 
functions al low redshifl (z < 0.1) and al high redshifl (0.4 < z < 0.8, 
Zmed = 0.55) are shown in Fig. 1. The mosf nolable fealure is a factor of ~ 10 
decrease in fhe number density of clusters for fhe fixed mass al high redshifls. 

2. Results 

Voevodkin & Vikhlinin (2003) presenl fhe modeling of fhe baryon mass func- 
lion al low redshifl derived from a sample of 50 brighlesl X-ray clusters from 
Ihe HIFLUGCS calalog (Reiprich & Behringer 2001) based on Ihe ROSAT 
All-Sky Survey. This analysis allows to conslrain Ihe amplilude of Ihe lin- 
ear density perlurbalions al zero redshifl, fig = 0.72 ± 0.04 and Ihe mailer 
power speclrum shape parameter Vlj^fh = 0.13 ± 0.07, in good agreemenl wilh 
a number of independenl melhods. The combined conslrainls on as and Ihe 
shape parameter are shown in Fig. 2. 

The evolution in Ihe number density of clusters allows a determination of Ihe 
growlh factor of Ihe density perlurbalions, D{z) belween z = 0 and z = 0.55. 
The resulls of filling Ihe dala from Fig. 1 are shown in Fig. 3. The measuremenl 
of D{z) is slighlly sensitive to Ihe density parameter. Assuming VIm = 0.2, 
we find ty»(0.55) = 0.76 ± 0.045; for S2 m = 0.3, 11(0.55) = 0.73 ± 0.03. The 
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Figure 1. The baryon mass function for the 160 deg^ survey sample in the redshift interval 
0.4 < 2 < 0.8. The local mass function from Voevodkin & Vikhlinin (2003) is shown by 
triangles. The grey band shows a 68% uncertainty interval for the mass functions, including 
both the Poisson noise and mass measurement uncertainties. The high-redshift mass function is 
computed for Flm = 0.3, A = 0.7; the local mass function is cosmology-independent. 




^mI- 

Figure 2. Confidence intervals (68% and 95%) on as and QmIi from the analysis of the low- 
redshift baryon mass function, assuming h = 0.71, n — 1, Flbh^ — 0.0224. See Voevodkin & 
Vikhlinin (2003) for a discussion of the dependence of these constraints on h, n, and fli,. 
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Figure 3. Growth factor of the linear density 
perturbations at z = 0.55 as determined from 
observed evolution of the cluster baryon mass 
function. Solid lines show the growth factor 
in the flat cosmology for several values of the 
dark energy equation of state parameter, w. 




from the observed cluster evolution (68% and 
95% confidence regions) in comparison with 
the constraints from Sn la and WMAP. 



values of YIm >0.35 are inconsistent with the shallow slope of the observed 
mass function (Voevodkin & Vikhlinin 2003). 

The growth factor of the density perturbations in the CDM model is determined 
by the density parameters of matter, dark energy, and by the effective equation 
of state for the dark energy. In Vikhlinin et al. (2003), we effectively converted 
the measurement of D{z) into constraints on VIm and assuming that the 
dark energy is represented by the cosmological constant. This results in a 
narrow band, 12^ + 0.23A = 0.41 ± 0.10, which intersects with the Sn la 
and CMB results near VIm = 0.3 and A = 0.7. Assuming that the Universe 
is spatially flat, the constraints on D{z) can be converted into constraints on 
and the dark energy equation of state parameter, w (e.g., Linder & Jenkins 
2003, cf. solid lines in Fig. 3). The results are presented in Fig. 4. The observed 
cluster evolution favors w < 0.8, in agreement with a combination of the Sn la 
and WMAP results. 
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Abstract We report on preliminary results of our X-ray survey of the most massive clusters 

currently identified from the Deep Lens Survey (DLS). The DLS cluster sample 
is selected based on weak lensing shear, which makes it possible for the first 
time to study clusters in a baryon-independent way. In this article we present 
X-ray properties of a subset of the shear- selected cluster sample. 

Keywords: dark matter, gravitational lensing, large-scale structure of universe. X-rays: galax- 

ies: clusters 

1. Introduction 

Nonharyonic dark matter is apparently the dominant component of galaxy clus- 
ters, yet all large samples of clusters to date are selected on the basis of emis- 
sion from the trace haryons they contain: visible light from galaxies or X-rays 
from hot intracluster gas. Now, for the first time, we have a direct survey of 
mass in the Universe that is unbiased with respect to haryons, the Deep Lens 
Survey (DLS). The DLS is a deep, wide area, multicolor (BVRz’) imaging 
survey being carried out at the NOAO 4-m telescopes. The survey was de- 
signed to detect large scale structures in the Universe through weak lensing 
shear, i.e., distortions to the shapes of distant background galaxies caused by 
gravitational lensing of massive foreground objects. The DLS team has already 
shown that shear-selection is effective at finding new galaxy clusfers: Wiffman 
el al. (2001) reporl Ihe discovery of CL J2346-I-0045, Ihe firsf galaxy cluster 
idenlified by ils gravilalional effecl ralher lhan ils radialion. 

For Ihis projecl, 12 square degrees of Ihe DLS dala (Ihe maximum sky area 
available al Ihe lime) were processed Ihrough Ihe weak lens shear pipeline 
(Willman el al. 2003), revealing mass concenlralions over a wide range of red- 
shifls. These mass clusters were rank-ordered by Iheir shear signal and Ihe lop 
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candidates were proposed for observation by the Chandra X-Ray Observatory 
in cycle 4. Seven targets were awarded; an additional candidate was available 
through the Chandra archive. One of the principle goals of the follow-up X-ray 
observations is to confirm that the DLS shear-selected clusters are associated 
with true virialized, collapsed structures. The basic X-ray information (lumi- 
nosity, size, morphology, extent of central concentration, and gas temperature) 
obtained on the clusters will allow us to assess the effect of shear-selection on 
the Lx~Tx relation, the cluster temperature function, and the relation of these 
to cluster mass. The full DLS X-ray cluster sample will also allow us to quan- 
tify the false-positive rate of “aligned filaments,” i.e., line-of-sight projections 
that appear as spurious mass concentrations in weak lensing shear maps (e.g.. 
White, van Waerbeke, & Mackey 2002). 

2. X-ray Observations 

We have confidently detected extended X-ray emission from at least five of fhe 
eighf DLS clusfers in fhe Chandra cycle 4 sample. Allhough fhe olher Ihree 
largels have been observed, our analysis is nol yel complefe and we do nol 
commenl on fhem furlher here. 

Figure 1 shows maps of fhe projecled mass (lefl panels) and X-ray surface 
brighfness (righf panels) over fhe 0.5-2 keV band for several of fhe DLS mass 
clusfers. In fhe X-ray images serendipilous poinl sources have been removed 
and circles denote fhe locations of exfended X-ray sources detected al signal- 
lo-noise rafios greafer fhan 3. The Iwo highesl-ranked shear- selecfed clusters 
are sfrong X-ray sources, wifh multiple subclusters associated wifh each sys- 
lem. This can be seen clearly in fhe X-ray image of DLS clusler 2 (lop panel of 
Figure 1). In fhe oplical images Ihere are a large number of brighl galaxies lhal 
are presumably clusler members, however no published redshifls are available. 
The fourlh ranked clusler (middle panels) is unusual in having only a single 
X-ray componenl. If is centered on a galaxy al a redshifl of z = 0.19. The Iasi 
ranked clusler in fhe Chandra cycle 4 sample (bollom panels) shows Iwo sig- 
nificanl exfended X-ray sources. The soulhweslern componenl was confirmed 
by fhe DLS team as a massive cluster at z = 0.68 (Willman el al. 2003) and 
even shows a gianl arc from sfrong lensing. There is no redshifl available for 
fhe norlhern X-ray concenlralion. 

In Table 1 we presenl selecfed numerical resulls for fhe five X-ray clusfers 
associaled wifh shear peaks. In each case only values for fhe X-ray cluster 
componenl wifh fhe highesl flux are given. Redshifl informalion for clusfers 
2 and 7 is nol yel available; we give very preliminary luminosity and mass 
estimates based on approximale redshifls from fhe magniludes of fhe member 
galaxies. Pholomelric redshifls for all X-ray clusters are in fhe process of being 
determined from our imaging dala. We used fhe X-ray luminosily-lemperalure 
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Table 1. X-ray Properties ofDLS Mass Clusters. 



Cluster 


Z 


Fx (0.5-2 keV) 
(erg s“^ cm“^) 


-^bol 

(erg s"b 


M 200 


DLS Clu 1 


0.298 


6.7 X 10“^^ 


8.5 X lO^'^ 


5.7 


DLS Clu 2 


~0.2 


2.9 X 10“^^ 


1.1 X 10^'‘ 


1.9 


DLS Clu 4 


0.1894 


1.4 X 


4.3 X lO'*^ 


0.4 


DLS Clu 7 


~0.4 


1.9 X 10“^"^ 


3.1 X lO'*® 


1.0 


DLS Clu 8 


0.68 


2.4 X lO"^'^ 


1.7 X 10'*'‘ 


2.4 



relation (Arnaud & Evrard 1999) to estimate cluster temperatures and then the 
mass-temperature relation (Evrard, Metzler, & Navarro 1996) to determine the 
mass within a density contrast of 6c = 200. These relations are derived from 
or calibrated against low-redshift clusters; at this point we have not made any 
adjustments for the redshift range of our sample. Still the mass estimates are 
consistent with simulations by our group that show an expected mass range for 
DLS shear-selected clusters extending from roughly 5 x 10^^ Mq to 10^® Mq 
with a peak near 3 x 10^^ Mq. An additional direct measurement of the mass 
can be made from the shear maps; this work is in progress. 

3. Conclusions 

The DLS is clearly discovering true three-dimensional clusters of mass, hot 
X-ray gas, and galaxies. We find a wide range of X-ray luminosity for clusters 
with similar weak leasing shear. Nearly every shear peak contains multiple 
X-ray clusters, while the high mass clusters we detect are particularly com- 
plex with up to 4 or 5 individually resolved subcomponents. Work in progress 
on this unique galaxy cluster sample includes measuring X-ray temperatures 
from Chandra and XMM-Newton spectra, deriving redshifts and velocity dis- 
persions from ground-based spectroscopy, more detailed mass determinations, 
and additional numerical simulations. 
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Figure 1. Projected mass (left) and X-ray surface brightness (right) of DLS mass clusters 
no. 2 (top), 4 (middle), and 8 (bottom). 
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Abstract We present the preliminary results of the Q. project, a large XMM program de- 
voted to observe distant SHARC clusters. For the first time a measurement of 
the L — T evolution with XMM is presented. We found clear evidence for a 
positive evolution of the L — T relation, in agreement with some previous anal- 
ysis based on ASCA and Chandra observations. Its cosmological implication 
is also discussed based on a new analysis of different X-ray surveys : EMSS, 
RDCS, MACS, SHARC, 160 deg^. Its found that a high matter density model 
fit remarkably well all these surveys, in agreement with all existing previous an- 
alyzes following the same strategy. Concordance models produce far more faint 
clusters than observed counts. This failure could be the indication of a deviation 
from the expected scaling of the M — T relation with redshift. 

Keywords: Cosmological parameters,X-ray clusters 

1. Introduction 

The XMM-0 project (Bartlett et al. 2001) was conducted in order to provide 
an accurate estimation of the possible evolution of the luminosity-temperature 
relation at high redshift for clusters of medium luminosity which constitute the 
bulk of X-ray selected samples, allowing to remove a major source of degen- 
eracy in the determination of from cluster abundance evolution. 



2. Observed evolution of the L — T relation of X-ray 
clusters 

D.Lumb et al. (2003) present the results of the X-ray measurements of 8 dis- 
tant SHARC clusters with redshifts between 0.45 and 0.62. By comparing to 
various local L — T relations, clear evidence for evolution in the L — T rela- 
tion has been found. The possible evolution has been modeled in the following 
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way: 

where L6(0) is the local L—T relation. T is found to be of the order 

of 0.6 in an Einstein-de Sitter cosmology. This results is entirely consistent 
with previous analyzes (Sadat et ah, 1998; Vikhlinin et al, 2002). 




Figure 1. Temperature-luminosity of X-ray clusters: crosses are local clusters from a flux 
selected sample, stars are from Chandra, diamonds are SHARC clusters from the XMM Q, 
project. 



3. Cosmological interpretation 

The evolution of the abundance of X-rays clusters is known to be a powerful 
cosmological test (Oukbir & Blanchard, 1992). Indeed the evolution of the 
number of clusters of a given mass is a sensitive function of the cosmologi- 
cal density of the Universe, very weakly depending on other quantities when 
properly normalized (Blanchard & Bartlett, 1998). 

Attempts to apply this test have been performed but still from a very limited 
number of clusters (typically 10 at redshift 0.35) (Henry, 1997; Viana and Lid- 
dle, 1998; Eke et ah, 1998; Blanchard et ah, 2000). On the other hand, number 
counts allow one to use samples comprising much more clusters. Indeed us- 
ing simultaneously different existing surveys: EMSS, SHARC, RDCS, MACs 
NEP and 160 deg^ one can use information provided by more than 300 clusters 
with z > 0.3 (not necessarily independent). In order to model clusters number 
counts, for which temperatures are not known, it is necessary to have a good 
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Figure 2. Theoretical number counts in bins of redshift (A 2 = 0.1) for the different sur- 
veys: RDCS, EMSS, MACS and 160deg^ (high flux, corresponding to fluxes /j, > 2 10“^® 
erg/s/cm^). Observed numbers are triangles with 95% confidence interval on the density assum- 
ing poissonian statistics (arrows are 95% upper limits). The upper curves are the predictions in 
the concordance model (model A). The lower curves are for critical universe (model B). Dif- 
ferent systematics have been investigated (see Vauclair et al. in this volume). Grey areas are 
uncertainties from uncertainties on crs and on L — T evolution. The 3-dotted-dashed lines show 
the predicted counts in the concordance model using M — T relation violating the standard 
scaling with redshift. 



knowledge of the L — T relation over the redshift range which is investigated, 
which information has been provided by XMM and Chandra. Number counts 
can then be computed: 






N{> f^,z,Az) 
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= (2) 

where T{z) is the temperature threshold corresponding to the flux fx as given 
by the observations, being therefore independent of the cosmological model. 
Several ingredients are needed: the local abundance of clusters as given by the 
temperature distribution function (N{T)), the mass-temperature relation and 
its evolution, the mass function and the knowledge of the dispersion. Uncer- 
tainties in these quantities result in uncertainties in the modeling. However, 
Vauclair et al. in this issue showed that these sources of -systematics- un- 
certainties are comparable to statistical uncertainties which are actually very 
small. Figure 2 illustrates the counts obtained with a standard mass tempera- 
ture relation: T = 4keVM^5^(l -|- z), the SMT mass function (Sheth et ah, 
2001), and the L — T relation observed by XMM with its uncertainty. These 
counts were computed for different existing surveys to which they can be com- 
pared. 

4. Conclusion 

The major results obtained with the U project are the first XMM measurement 
of the evolution of the luminosity-temperature with redshift. A positive evo- 
lution has been detected, in agreement with previous results including those 
obtained by Chandra (Vikhlinin et ah, 2002). The second important result is 
that this evolving L — T produced counts in the concordance model which are 
inconsistent with the observed counts in all existing published surveys. This 
could be the sign of a high density universe or a deviation from the expected 
scaling of the M — T relation with redshift. 
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Abstract We compare new maps of the hot gas, dark matter, and galaxies for IE 0657-56, 
a cluster with a rare, high-velocity merger occurring nearly in the plane of the 
sky. The X-ray observations reveal a prominent bow shock and a bullet-like gas 
subcluster just exiting the collision site. The optical image shows that the gas 
bullet lags behind the subcluster galaxies; the weak-lensing mass map reveals a 
dark matter clump lying ahead of the collisional gas hullet, but coincident with 
the effectively collisionless galaxies. From these observations, one can directly 
constrain the cross-section of the dark matter self-interaction. That the dark mat- 
ter is not fluid-like can be seen directly from the maps; more quantitative limits 
can be derived from four simple independent arguments. Our most sensitive 
constraint, a/m < 1 cm^ g“^, comes from the consistency of the subcluster 
mass-to-light ratio with the main cluster (and universal) value, which rules out a 
large mass loss due to dark matter particle collisions. 



1. Introduction 

Chandra observations of IE 0657-56, one of the hottest and most luminous 
galaxy clusters known, revealed a fast-moving, bullet-like, cool subcluster just 
exiting the core of the main cluster (Markevitch et al. 2002). An optical image 
shows a galaxy subcluster just ahead of this gas “bullet”. A weak-lensing mass 
map (Clowe et al. 2003, hereafter C03) reveals a dark matter clump coincident 
with the centroid of the galaxy subcluster (Fig. 1). A combination of these 
three maps provides gives us a unique possibility to place a direct constraint 
on the dark matter self-interaction cross-section. Apart from the obvious basic 
interest for the still unknown nature of dark matter, the possibility of it having 
a nonzero collisional cross-section has far-reaching astrophysical implications 
(e.g., Spergel & Steinhardt 2000; Dave et al. 2001; Gnedin & Ostriker 2001; 
Yoshida et al. 2000). 
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Figure 1. (a) Overlay of the weak lensing mass contours on the optical image of IE 0657-56. 

Dashed contours are negative (relative to an arbitrary zero level). The subcluster’s DM peak is 
coincident within uncertainties with the centroid of the galaxy concentration, (b) Overlay of the 
mass contours on the X-ray image (only the upper 5 of those in panel a are shown for clarity). 
The gas bullet lags behind the DM subcluster. 
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2. Collisional cross-section estimates 

The dark matter collisional cross-section per unit mass, aim (where m is 
the DM particle mass), can be constrained from the IE 0657-56 data by at 
least four independent methods, details of which are given in Markevitch et 
al. (2003, hereafter M03). They are based on the observed gas-dark matter 
offset, the absence of an offset between the dark matter and the galaxies, the 
high subcluster velocity, and the subcluster survival. For these estimates, we 
will use the X-ray-measured subcluster velocity {v ~ 4500 kms“^) and the 
weak-lensing measurements of the main cluster’s and the subcluster’s masses. 

2.1 The gas — dark matter offset 

The most remarkable feature in Fig. 1(? is a arcsec offset between the 

subcluster’s DM centroid and the gas bullet (C03). This offset means that the 
scattering depth of the dark matter subcluster w.r.t. collisions with the flow 
of dark matter particles cannot be much greater than 1. Otherwise the DM 
subcluster would behave as a clump of fluid, experiencing stripping and drag 
deceleration, similar to that of the gas bullet, and there would be no offset 
between the gas and dark matter. The subcluster’s scattering depth is Ts = 
Sg a/m, where Sg is the DM mass surface density of the subcluster. The 
measured surface density averaged over the face of the subcluster is Sg ~ 0.1 
gcm“^. Requiring Tg < 1, we obtain a /m < 10 cm^ g“^. 

2.2 The high velocity of the subcluster 

The observed velocity of the subcluster, v = 4500 kms“^, is in good agree- 
ment with the expected free-fall velocity ug onto the main cluster. For our 
main cluster’s mass profile, a small subcluster falling from a large distance 
should acquire ug 4400 km s“^ at core passage (and even less at the present 
position). Such an agreement strongly suggests that the subcluster could not 
have lost much of its momentum to drag forces. For our masses and veloc- 
ities, each DM particle collision would result in an average momentum loss 
by the subcluster p ~ 0.1 mv (M03). Having reached its present location, the 
subcluster would lose u — ug = Sm pa/m?, where Sm ~ 0.3 gcm“^ is the 
main cluster mass column. Conservatively disregarding dynamic friction and 
requiring, say. u — ug < 1000 kms“^, we get a/m < 7 cm^g“^. 

2.3 No offset between the dark matter and the galaxies 

Another remarkable feature in Fig. la is the coincidence of the subcluster dark 
matter centroid with that of the galaxy distribution. Suppose the DM particles 
are experiencing frequent collisions and a resulting displacement. The effec- 
tively collisionless galaxies need time to redistribute over the subcluster and 
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come into equilibrium with a DM gravitational potential that is lagging behind. 
This timescale happens to be greater than the time it takes for the subcluster 
to pass through most of the main cluster’s observed mass column If, on 
this timescale, most of the subcluster’s DM particles experience another colli- 
sion, there would be a persistent offset between the galaxy and DM peaks, just 
like that observed between the DM and the X-ray gas. For each DM particle 
presently in the subcluster, the collision probability has been Tm = £m 
Simply requiring that Tm < 1, we obtain a/m < 3 cm^ g“^. 

2.4 The survival of the dark matter subcluster 

For the observed subcluster mass and velocity, the most likely result of a par- 
ticle collision is the loss of a particle by the subcluster. We can put an upper 
limit on the accumulated mass loss and thereby on the collision cross-section. 
C03 have derived a S-band mass-to-light ratio for the subcluster within its 
truncation radius, M/L ~ 260 ± 90, which is in good agreement with the 
universal cluster value from the lensing analyses (e.g., Mellier 1999), and a 
factor of 1.1 ± 0.3 from the main cluster value derived from the same data. If 
the subcluster had been continuously losing DM particles, we would expect an 
anomalously low M/L value for the subcluster — and in particular, a value 
lower the main cluster’s. From this agreement, we infer that the subcluster 
could not have lost more than /r 0.2 — 0.3 of its initial mass within its present 
tidal truncation radius. This fraction is /r = (1 — 2v‘/,^^/v‘^) Sm a/m, where 
Vesc is the subcluster’s escape velocity (M03). This gives our most sensitive 
limit, a/m < 1 cm^g“^. 

This limit is comparable to other, less direct astrophysical constraints (e.g., 
Hennawi & Ostriker 2002 and references therein), and excludes most of the 
0.5 — 5 cm^g“^ interval proposed to explain the galaxy mass profiles (e.g., 
Dave et al. 2001). It is only an order-of-magnitude estimate which involves a 
number of conservative simplifying assumptions; a more accurate, and possi- 
bly stronger, limit may be derived through hydrodynamic simulations of this 
unique merger. 
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Abstract We present a study of the integrated physical properties of a sample of 26 X-ray 
galaxy clusters observed with Chandraat redshift between 0.4 and 1.3. We focus 
particularly on the properties and evolution of the X-ray scaling laws. We fit a 
/3— model, which provides a good representation of the observed surface bright- 
ness profiles, and measure an emission-weighted temperature (in the range 3-1 1 
keV) to recover gas luminosity, mass and total gravitating mass out to i?soo. We 
observe scaling relations steeper than expected from self-similar model by a sig- 
nificant (> 3cr) amount in the L — T and Mgas — T relations, by a marginal 
value in the Mtot — T and L — Mtot relations. The degree of evolution of the 
Mtot — T relation is found to be consistent with the expectation based on the hy- 
drostatic equilibrium for gas within virialized dark matter halos. We detect hints 
of negative evolution in the L — T and Mgas — T relations, thus suggesting that 
systems at higher redshift have lower X-ray luminosity and gas mass for fixed 
temperature. In this sample of hot clusters, we also find a significant evidence of 
positive evolution, such as (1 -|- in the entropy value estimated at 0.1 R 200 
at fixed temperature. Such results point toward a scenario in which a relatively 
lower gas density is present in high-redshift objects, thus implying a suppressed 
X-ray emission, a smaller amount of gas mass and a higher entropy level. This 
represents a non-trivial constraint for models aiming at explaining the thermal 
history of the intra-cluster medium out to the highest redshift reached so far. 

Keywords: galaxies: cluster: general - galaxies: fundamental parameters - intergalactic 

medium - X-ray: galaxies - cosmology: observations - dark matter. 

1. X-ray scaling laws at high redshift 

The physics of the intracluster medium (ICM) is mainly driven by the infall 
of the cosmic baryons trapped in the deep gravitational potential of the cluster 
dark matter halo. Through a hierarchical formation, that starts from the pri- 
mordial density fluctuations and generates the largest virialized structures via 
gravitational collapse and merging, galaxy clusters maintain similar properties 
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when they are rescaled with respect to gravitational mass and epoch of forma- 
tion. The shock-heated X-ray emitting intra-cluster medium (ICM) accounts 
for most of the baryons collapsed in the cluster potential. Under the assump- 
tions that the smooth and spherically symmetric ICM is heated only by gravita- 
tional processes (adiabatic compression during DM collapse and shock heating 
from supersonic accretion), obeys hydrostatic equilibrium within the underly- 
ing dark matter potential and emits mainly by bremsstrahlung, one derives the 
following scaling relations between the observed (bolometric luminosity Lboi, 
and temperature Tgas) and derived (gas entropy S, gas mass Mgas, and total 
gravitating mass Mtot) quantities: S oc Lboi oc 

E, Mtot (X A;^/" r|/s"; E-^ Lboi « {E,Mtot)^/^\ 

E, Mgas oc A;^/" t|/s^ 1 

We present here the main results of our work (Ettori et al. 2003, A&A, in press) 
that focuses on the general behaviour of the scaling laws for X-ray clusters at 
redshift in the range 0.4-1. 3 and the evolution of these relations with respect to 
what is measured in nearby samples. To do this, we have assembled a set of 26 
clusters observed at arcsec angular resolution with Chandra. This allows us to 
resolve on scales of few tens of kpc the surface brightness (i.e. the gas density) 
of these systems, and to determine a single emission weighted temperature, 
that is measured in the range 3-11 keV (median value of 6.0 keV). The data 
reduction and analysis are described in Tozzi et al. (2003) and Ettori et al. 
(2003). 

2. Results 

The surface brightness is well fitted, in general, by a single /3— model. A dou- 
ble /?— model is statistically not required, suggesting that these distant clusters 
do not show any significant central brightness excess. By collecting all the 
photons within ~0.5 xL 5 oo^ we have measured a single emission-weighted 
temperature (median value of 6.0 keV). The combination of the spatial and 
spectral analysis allows to recover the gas luminosity (observed in the range 
1.0 — 54.6 X 10^'^hjQ erg s“^), gas mass (0.6 — 17.1 x IO^^/i^q^^^Mq) and 
total gravitating mass (1.2 — 21.4 x Mq) out to iisoo- These quantities 

are used to quantify the behaviour and evolution of the X-ray scaling relations 
in hot (Tgas > 3 keV) clusters. 



'The factors that indicate the dependence on the evolution of the Hubble constant at redshift z, = 
Hz/Ho = [£7m(l -|- + 1 — ftni] (for a flat cosmology with matter density f2m), and on the 

overdensity Az account for the fact that all the quantities ai‘e estimated at a given overdensity Az with 
respect to the critical density estimated at redshift 2 , pc,z = /{SttG). The cosmological parameters 
Hq = JOh^Q km s“^ Mpc~^ and Hm = 1 — = 0.3 are assumed hereafter. 



Scaling laws in X-ray galaxy clusters at redshift > 0.4 
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Figure 1. Dotted line: slope fixed to the predicted value. Dashed line: slope free. (Left) 
L — T and (right) Mtot — T relation. Solid lines indicate best-fit relations for nearby samples 
(see Ettori et al. 2003 for discussion). The evolution is parametrized through B in the relation 
log V = a -t- A log X -t- B log(l -I- z), where (a, A) are the best-fit values measured at lower 
redshift. 

The slopes of all the investigated correlations tend to be higher than what pre- 
dicted by self-similar models, with larger deviations observed in the L — T 
(Fig. 1) and M^^s—T relations. We notice that the values of the slope propagate 
through the relations in a self-consistent way: for example, the observed depen- 
dence L ~ and Mtot ~ should imply L ~ 

that is well in accordance with the measured slope of 3.58 ± 0.50. The ob- 
served slopes suggest that simple gravitational collapse is not the only process 
that governs the heating of baryons in the potential well of clusters. To ex- 
plain these correlations, a raise in the central entropy (and a correspondent 
suppression of the X-ray emissivity) is required and can be achieved either by 
episodes of non-gravitational heating due to supernovae and AGN, or by selec- 
tive removal of low-entropy gas through cooling, possibly regulated by some 
mechanism supplying energy feedback. When the slope of the Mtot — T re- 
lation (Fig. 1) is fixed to 1.5, its high- 2 : normalization is consistent with the 
lack of expected evolution, well in agreement with results from low-z samples 
which follows from the prediction of hydrostatic equilibrium within virialized 
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halos. In turn, this is consistent with the expectation that the Mtot~T rela- 
tion is the least sensitive to the thermal status of the gas and, therefore, not 
significantly affected by non-gravitational processes. 

We do not observe any evolution at redshift around 1 in the Mtot~T relation 
(Fig. 1), whereas L — T (Fig. 1) and Mgas — T relations show a mild negative 
evolution [B ~ (—0.1,— 1.2), with a deviation from the no-evolution case of 
0.7-3. 6 fj; the correction by is included in the relations], with clusters at 
higher redshift having in general lower X-ray luminosities and gas masses than 
what predicted from the self-similar model. This trend appears more clearly 
when the entropy of these hot (Tgas > 3 keV) systems, evaluated at 0.1i?200> 
is compared with local determinations. A mild positive evolution {B ~ 0.3) 
is then detected in particular when objects at redshift larger than 0.6 are con- 
sidered. The evolution of the Lv,o\~T and Mg^s-T relations is a sensitive test 
for non-gravitational heating models (e.g. Tozzi & Norman 2001, Bialek et al. 
2001) and carries information about the source of this heating and the typical 
redshift at which it took place. 

As a further diagnostic to trace the evolution of the ICM properties, we ana- 
lyze the relation between gas temperature and entropy, S, as a diagnostic of 
the physical processes that establish the thermal status of the diffuse baryons 
in clusters (e.g. Ponman et al. 2003). For the first time, we measure and trace 
the evolution of the ICM entropy at high redshift. We obtain an overall fit to 
the data of 5 = (427 ± 20) x keV cm^, well in agreement with the 

predicted scaling. No significant evolution is observed when all our sample 
is compared with the local estimate of the “entropy ramp” by Ponman et al. 
(2003). If we consider only the objects at z > 0.6, 0.8 and 1, respectively, we 
observe consistently B ^ 0.3 with a deviation from no evolution at the 2 — 3cr 
confidence level. This resulf, together with the scenario emerging from the en- 
tropy properties of low-z systems, seems to require either pre-heating effects 
with differential entropy amplification or a suitable combination of radiative 
cooling and heating by feedback energy release (e.g., Tornatore et al. 2003 and 
references therein). 
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Abstract 

Using Chandra archival data, we quantify the evolution of cluster morphology 
with redshift. To quantify cluster morphology, we use the power ratio method 
developed by Buote and Tsai (1995). Power ratios are constructed from mo- 
ments of the two-dimensional gravitational potential and are, therefore, related 
to a cluster’s dynamical state. Our sample will include 40 clusters from the 
Chandra archive with redshifts between 0.11 and 0.89. These clusters were se- 
lected from two fairly complete flux-limited X-ray surveys (the ROSAT Bright 
Cluster Sample and the Einstein Medium Sensitivity Survey), and additional 
high-redshift clusters were selected from recent ROSAT flux-limited surveys. 
Here we present preliminary results from the first 28 clusters in this sample. Of 
these, 16 have redshifts below 0.5, and 12 have redshifts above 0.5. 



1. Introduction and Sample Selection 

Clusters form and grow through mergers with other clusters and groups. Sub- 
structure or a disturbed cluster morphology indicates that a cluster is dynam- 
ically young (i.e. it will take some time for it to reach a relaxed state), and 
the amount of substructure in clusters in the present epoch and how quickly 
it evolves with redshift depend on the underlying cosmology. In low density 
universes, clusters form earlier and will be on average more relaxed in the 
present epoch. Clusters at high redshift, closer to the epoch of cluster forma- 
tion, should be on average dynamically younger and show more structure. In 
addition, the evolution of cluster morphology is important to the understanding 
of many cluster properties including mass, gas mass fraction, lensing proper- 
ties, and galaxy morphology and evolution. 

Several studies have been done to quantify substructure in clusters at low red- 
shift (e.g., Jones & Forman 1992; Mohr et al. 1995; Buote & Tsai 1996). 
However, it is only with recent X-ray and optical surveys that we are begin- 
ning to find tens of clusters with z > 0.8, and it is becoming possible to study 
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the evolution of substructure. Using the power ratio method (Buote & Tsai 
1995), we are studying structure in a sample of 40 clusters observed with the 
Chandra X-ray Observatory. As a first cut, our sample includes only clusters 
with a redshift above 0. 1 so that a reasonable area of each cluster will fit on a 
Chandra CCD. In order to have a reasonably unbiased sample, clusters were se- 
lected from the BCS (Ebeling et al. 1998) and EMSS (Gioia & Euppino 1994) 
surveys. They were also required to have a luminosity greater than 5 x 10^'^ 
ergs s“^, as listed in those catalogs. Additional high-redshift clusters were se- 
lected from recent ROSAT flux-limited surveys (Rosati et al. 1998; Perlman 
et al. 2002; Voges et al. 2001; Vikhlinin et al. 1998). This led to a sample of 
40 clusters with redshifts between 0.11 and 0.89. Here we present the results 
from 28 of these clusters. Sixteen of these have redshifts below 0.5 with an av- 
erage redshift of 0.26; the other twelve have redshifts above 0.5 and an average 
redshift of 0.72. 

2. Power Ratios 

Power ratios are constructed from moments of the two-dimensional gravita- 
tional potential. They are capable of distinguishing many cluster morpholo- 
gies, and they have been shown to distinguish different cosmological models 
(Buote & Xu 1997; Valdarnini, Ghizzardi, & Bonometto 1999; Suwa et al. 
2003). Essentially, this method involves calculating multipole moments of the 
X-ray surface brightness. The moments, Om and bm, are given below. Here S 
is the surface brightness. These are calculated in a circle of radius R centered 
on the centroid of emission. 



The moments are sensitive to asymmetries in the surface brightness distribu- 
tion and are, therefore, sensitive to substructure. The powers (shown below) 
are the sum of the squares of the moments, and the power ratios are formed by 
dividing by Pq to normalize out flux. The physical motivation for the power ra- 
tio method is that it is based on the multipole expansion of the two-dimensional 
gravitational potential ('P). With S as the surface mass density, the powers are 
the squares of the multipole moments of 'P evaluated over a circle of a given 
radius. Below 'P™* is the mth multipole of the 2D gravitational potential due 
to matter interior to the circle of radius R, and (• • •) represents the azimuthal 
average around the circle. Ignoring factors of 2G, the powers are 




Po = [aoln(72)f = («)2) 



( 1 ) 
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In the case of X-ray studies, X-ray surface brightness replaces surface mass 
density in the calculation of power ratios. X-ray surface brightness is propor- 
tional to gas density squared and generally shows the same qualitative structure 
as the projected mass density, allowing a similar quantitative classification of 
clusters. 

3. Preliminary Results 

For each cluster in our initial sample of 28, we calculated P 2 /Po^ P 3 /Po^ and 
P 4 /P 0 centered on the cluster centroid (where Pi vanishes). We use an aper- 
ture radius of 0.5 Mpc. At larger radii, the high-z clusters have low S/N, and 
the low-z clusters become too large to fit on a Chandra CCD. Figure 1 shows 
a plot of P 2 /P 0 versus P 3 /P 0 . High-redshift clusters (z>0.5) are plotted with 
diamonds and have solid error bars. Low-redshift clusters are plotted with as- 
terisks and have dashed error bars. The error bars were found using Monte 
Carlo simulations and represent 90% confidence. The differenf power ratios 
are sensitive fo differenf fypes of sfrucfure and looking af correlations among 
fhem can help disfinguish cluster morphologies. In fhese plofs, fhe mosf dis- 
furbed clusfers appear af fhe upper-righf, and fhe mosf relaxed clusfers af fhe 
lower-lefl. 

The high-z and low-z clusfer samples have similar P 2 /P 0 ratios, buf fhe high-z 
clusfers fend fo have higher P3/P0. One possible reason fhaf P3/P0 is heller af 
distinguishing fhe high-redshifl clusfers from fhe low-redshifl ones is lhal if is 
nol sensitive fo elliplicily: a purely elliplical cluster will only have even mulli- 
poles. Large odd multipoles unambiguously indicate asymmelry (subslruclure) 
in a cluster. P4/P0, which is similar fo P2/P0 buf sensitive fo smaller scale slruc- 
lure, also appears fo disfinguish fhe Iwo samples, especially when correlaled 
wilh P3/P0. Figure 1 also shows a plol of P3/P0 versus P4/P0. Here fhe high-z 
clusfers tend fo be in fhe upper corner (more struclure) and fhe low-z clusters 
tend fo be in fhe bollom corner (less sfrucfure). A Mann-Whilney rank-sum 
lesl shows lhal fhe P3/P0 and P4/P0 ralios for fhe high-redshifl clusfers are on 
average larger lhan Ihose for fhe low-redshifl clusfers af 95% significance. 

Af Ibis poinl, we have analyzed 28 oul of 40 clusfers in our sample, and if 
appears lhal fhe amounl of sfrucfure in clusfers increases wilh redshifl. Specif- 
ically, P 3 /P 0 and P 4 /P 0 are higher for fhe high-redshifl clusters. These clusters 
were all selecled fo have high luminosilies, and we do nol believe fhe difference 
in power ralios is due fo a difference in luminosities belween fhe Iwo samples. 
Using a radius of a fixed over-densily ralher lhan a fixed physical size also does 
nol accounl for fhe difference. These and olher possible syslemalic effecls will 
be addressed in more delail laler. In addilion fo completing fhe analysis of our 
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Figure 1. Power ratios computed in a 0.5 Mpc aperture for the first 28 clusters in our sample. 
High-redshift clusters (z>0.5) are plotted with diamonds and have solid error bars. Low-redshift 
clusters are plotted with asterisks and have dashed error bars. Left: P 2 /P 0 versus Ps/Pq- Right: 
P 3 /P 0 versus P4/Po- 



Chandra sample, we also plan to compare the sample to numerically simulated 
clusters provided by Greg Bryan. 
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Abstract 

The great sensitivities of the Chandra X-ray Observatory and XMM-Newton 
are allowing us to explore the X-ray emission from galaxies at moderate to high 
redshift. By using the stacking method, we show that we can detect the ensemble 
emission from normal elliptical, spiral and irregular galaxies out to redshifts 
approaching one. The average X-ray luminosity can then be compared with 
the results of models of the evolution in the numbers of X-ray binaries and can 
possibly be used to constrain models of star formation. 

Keywords: deep surveys. X-rays 

1. Introduction 

Deep surveys in X-ray astronomy had the initial goal of solving the problem of 
the origin of the extragalactic X-ray background, and these surveys have now 
shown that the XRB is largely comprised of the evolving populations of AGN, 
some heavily absorbed. 

But the deep surveys with the Chandra X-ray Observatory (CXO) have shown 
that normal galaxies are also detected, and the 2Ms survey of the Hubble Deep 
Field (HDF) North demonstrated that about a third of the X-ray sources were 
identified with galaxies (Horneschmeier et al. 2002). We can thus begin to 
explore the evolution of galaxies in addition to the AGN. 

2. Deep Surveys and Source Counts 

The number counts in the HDF-N have been measured by Miyaji & Griffiths 
(2002), and extended to fluxes below 10“^^ ergs cm“^ s“^ in the soft band 
(0.5 - 2 keV) and to 10“^® ergs cm“^ s“^ in the hard band (2 - 10 keV) 
by analysis of the fluctuations which remain after removal of the individual 
discrete source detections. Below this limit for the soft band, the fluctuation 
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Figure 1. X-ray Number Counts from HDF-N 



analysis shows that the number counts continue to rise, as shown in Fig. 1, 
with a slope consistent with that between 10“^® and 10“^® ergs cm“^ s“^. 

At these latter X-ray fluxes, the optical identifications in the HDF-N (Hor- 
neschmeier et al. 2002) show that starburst and normal galaxies begin to dom- 
inate the number counts (0.5-8 keV). We infer that the number counts in the 
region explored with fluctuations (the boxed area in Fig. 1) are unlikely to be 
due to AGN. Furthermore, the current best models for the AGN number counts 
fall well below the fluctuations, which indicate counts of 20,000 - 40,000 per 
sq. deg. at X-ray fluxes of 10“^^ ergs cm~^ s“^, matching optical counts of 
galaxies at B = 24. We therefore explore the possibility of X-ray detection of 
faint galaxies in the HDF-N by using the stacking method. 

3. Results of ‘Stacking’ 

‘Stacking’ is the summation of X-ray sub-images centered on objects selected 
at another wavelength. 
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Figure 2. Stacked X-ray images of ensembles of galaxies 



Brandt et al. (2001) and Horneschmeier et al. (2002) have used this method on 
early CXO data on the HDF-N. In the HDF, we have the advantage of being 
able to use the HST images themselves to select various types of galaxies for 
the stacking process, using the software developed as part of the HST Medium 
Deep Survey (Ratnatunga, Griffiths and Ostrander 1999), together with and 
redshift information from the spectroscopy of Cohen et al. (2000) and the pho- 
tometric redshifts of Fernandez-Soto, Lanzetta and Yahil (1999). We have now 
done this for elliptical, spiral and irregular galaxies, and some of the results are 
shown in figure 2. The spiral and elliptical galaxies are detected at high confi- 
dence in bofh fhe soff and hard energy bands, buf fhe irregular galaxies are de- 
fected in fhe soff band only. The median redshifls are 0.77 for fhe 29 ellipficals, 
0.58 for fhe 53 spirals and 1.47 for fhe 50 irregulars in fhese slacked images. 
Monte Carlo simulalions have been used lo verify fhe slalislical confidence in 
fhese resulls. In such simulalions fhe slacking is done on ‘null’ candidates, i.e. 
positions where Ihere are no oplical sources buf where fhe background level is 
similar lo lhal around fhe aclual optical sources. This Monle Carlo procedure 
is repeated 10^ times in order lo undersland fhe dislribulion of false deleclions 
(Gaussian). The median X-ray luminosities are 2.5 x 10“^® ergs cm~^ s“^for 
fhe ellipticals, 4.4 x 10“^® ergs cm“^ s“^for fhe spirals and 2.7 x 10“^® ergs 
cm“^ s“^for fhe irregulars, consislenl wilh Iheir B-band luminosities and fhe 
average values for Lx /Ts for fhe galaxy lypes. 
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4. X-ray Evolution of Galaxies 

Starting with the cosmological evolution in the global star formation rate, 
Ghosh & White (2001) estimated the numbers of HMXRB and LMXRB, with 
a peak in the LMXRB numbers at z ~ 1 and in the numbers of HMXRB at 
slightly higher 2 ; closer to 2. The evolution in the number counts of LMXRBs 
is delayed with respect to the SFR peak, whereas the peak in the HMXRB 
numbers coincides with the SFR peak. The SFR itself was about ten times 
its present value at 2 ; ~ 1 and reached a peak about 10 - 100 times the cur- 
rent value at 2 : ~ 2 — 3, beyond which the SFR was roughly flat or else de- 
clined to higher 2 ;. The estimates of Ghosh & White have been used by Ptak 
& Griffiths (2001) to estimate the numbers of galaxies which should be near 
the detection limit in the CXO HDF-N field and to show that the predictions 
were consistent with the observed numbers. This calculation was based on the 
observed B-band luminosities in the HDF and conversion to estimated X-ray 
fluxes. Grimm, Gilfanov and Sunyaev (2002) have shown that HMXB can be 
used effectively as an indicator of the SFR in distant galaxies. 

5. Conclusions 

Results from the stacking analysis of normal galaxy populations applied to 
the CXO deep survey of the HDF-N show that normal galaxy populations are 
observable in these stacks out to redshifts of ~ 1. The average X-ray fluxes 
observed in these stacks are consistent with the numbers and fluxes inferred 
from the fluctuation analysis of the CXO data. We conclude that the fluctu- 
ations are therefore caused primarily by normal galaxy populations and that 
such deep X-ray surveys will eventually allow us to constrain the evolution 
of the binary source populations within these galaxies, using the relationship 
between HMXB numbers and the SFR of nearby galaxies. 
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Abstract We explore the X-ray properties of ‘normal’ (ie non AGN dominated) galax- 
ies using a shallow [/x(0.5 — 8keV) « 10“^^cgs] wide area (« 2.5deg^) 
XMM-Newton survey. Two ‘normal’ galaxy candidates are detected in our sur- 
vey. Despite the small number statistics the sky density of these systems at the 
flux limit above is low consistent with previous surveys. The number density 
estimated here is in good agreement with both the log N — log S of ‘normal’ 
galaxies in deeper surveys and model predictions based on the X-ray luminosity 
function of local star-forming galaxies. Stacking analysis is employed to con- 
strain the mean X-ray properties of optically selected galaxies at a « 0.1 that 
remain undetected to the limit of our survey. Comparison of our results with 
similar studies at higher redshifts suggest X-ray evolution of spiral galaxies out 
to 2 « 1. 

Keywords: X-rays, Galaxies, Surveys 

1. Introduction 

X-ray selected ‘normal’ (ie non AGN dominated) galaxies have been reliably 
identified in ultra deep Chandra surveys [/(0.5 — 2keV) « 10“^^cgs] either 
as direct detections (Hornschemeier et al. 2003) or indirectly using stacking 
analysis methods (Brandt et al. 2001; Hornschemeier et al. 2002). 

The studies above however, primarily probe ‘normal’ galaxies at faint fluxes 
and/or high redshifts {z « 1). At relatively bright fluxes [/(0.5 — 2 keV) > 
10“^^cgs] and/or low redshifts {z < 0.3) the X-ray properties of ‘normal’ 
galaxies remain ill constrained. This is due to the low surface density of these 
systems at bright fluxes requiring wide area surveys to identify ‘normal’ galax- 
ies. Such surveys also provide sufficient volume coverage at low-^ to explore 
the X-ray properties of the nearby ‘normal’ galaxy population. XMM-Newton 
with 4 times the Chandra field of view is clearly better suited for such studies. 
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In this paper we present results on the X-ray properties of ‘normal’ galaxies 
using a wide field (2.5 deg^) shallow [/x(0.5 — 8 keV) 10“^‘^cgs] XMM- 
Newton survey (the XMM/2dF survey) carried out in the North and South 
Galactic Pole regions. This survey has the advantage of multiwavelength data 
including radio (FIRST), high quality optical spectroscopy (2dFGRS, 2QZ, 
SDSS) and 5-band optical photometry (SDSS). These data are of key impor- 
tance to identify ‘normal’ galaxies and to explore their properties. The X-ray 
sample comprises a total of 5 14 sources (5cr). Using the optical data above we 
have identified a fofal of 221 (42%) wifh an opfical counferparf. 

2. X-ray detected ‘normal’ galaxy candidates 

We idenlify ‘normal’ galaxy candidafes detected in our XMM/2dF survey by 
looking for low X-ray-fo-opfical flux rafio sources (log fx/ fopt < —1)- This 
is demonsfrafed in Fig. la plofling B-band magnifude as a function of 0.5- 
8 keV X-ray flux. The diagonal lines represenf consfanf X-ray-fo-opfical flux 
rafios of log fx / fopt i 1 and delineate fhe region of fhe paramefer space occu- 
pied by powerful AGNs. Af lower X-ray-fo-opfical flux rafios log fx/ fopt < 
— I (fhe shaded region in Fig. la) one sfarfs picking LLAGNs and ‘normal’ 
galaxies. 

As can be seen in Fig. la fhe majorify of fhe log fx/ fopt < — 1 sources are 
eifher Galacfic sfars or disfanf QSOs. However, we also find a small number 
of four X-ray sources wifh opfical specfra showing eifher absorpfion or nar- 
row emission lines. These four systems are ‘normal’ galaxy candidafes. We 
furfher exploif fhe mulfiwavelengfh coverage of our XMM/2dF survey fo iden- 
fify obscured or weak AGN confaminafing our ‘normal’ galaxy sample. As 
a resulf we end up wifh a sample of 2 bona fide ‘normal’ galaxy candidafes 
wifh X-ray, opfical and radio properties consisfenf wifh sfellar processes rafher 
fhan AGN acfivify. The candidafe ‘normal’ galaxies in fhe presenf sample have 
L(0.5 — 8 keV) 10^^ cgs, log fx / fopt ~ —2, narrow emission line opfical 
specfra and radio luminosify consisfenf wifh fhe Lx — T 1.4 relation of local 
sfar-forming galaxies (Rannalli ef al. 2003). We nofe fhaf alfhough fhe X-ray 
and opfical properfies of ‘normal’ galaxy candidafes are consisfenf wifh sfellar 
origin for fhe X-ray emission we cannof exclude fhe possibilify of LLAGN. 

In Fig. lb fhe log N — log S of fhe ‘normal’ galaxy candidates identified in fhe 
presenf sfudy (2 galaxies) al fluxes 10 “^'^ cgs is compared wifh fhe deeper 
sample of Hornchemeier el al. (2003). Despite fhe small number slalislics our 
resulls are consisfenf wifh deeper samples (e.g. Hornschemeier el al. 2003) ex- 
trapolated lo fhe flux limils probed here. Also shown are fhe model prediclions 
using fhe X-ray luminosity funclion of H II galaxies (Georganlopoulos el al. 
1999) under fhe no evolulion scenario (k = 0) and pure luminosify evolution 
of fhe form Lx ~ (1 -|- z)^ {k = 3). The laller model is in heller agreemenl 
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with the data over a wider flux range suggesting X-ray evolution of starforming 
galaxies. 




/j,(0.5-8 keV) (erg cm”® s”’) 



Figure la. B-band magnitude against 
0.5-8 keV flux. The log fx / fopt < —1 re- 
gion studied here is shaded. The lines indi- 
cate constant X-ray-to-optical flux ratios 
of + 1, -1 and -2. The lines log fx / fopt = 
±1 delineate the region of the parameter 
space occupied by powerful AGNs. 




Figure lb. Cumulative ‘normal’ galaxy 
counts. Filled circles are the ‘normal’ 
galaxy candidates in the present study. The 
solid lined rectangle marks the region oc- 
cupied by the ‘normal’ galaxy counts of 
Hornchemeier et al. (2003). 



3. Stacking results 

The two X-ray detected ‘normal’ galaxy candidates found in our XMM/2dF 
survey are only the brightest analogues of the X-ray selected ‘normal’ galaxy 
population. Therefore, their properties are by no means representative of the 
whole population. Indeed, non-AGN galaxies are, on average, extremely faint 
at X-ray wavelengths (< 10“^®cgs) and hence, are difficult to detect. How- 
ever, for these X-ray faint sources we employ the stacking analysis method to 
explore their mean X-ray properties. 

This technique is applied to optically selected galaxies from the 2dF Galaxy 
Redshift Survey (2dFGRS) overlapping with our XMM/2dF observations. 2dF- 
GRS provides high quality spectra, redshifts and spectral classifications (e.g. 
E/SO, spirals) for galaxies brighter than bj = 19.4 mag. The mean redshift of 
the 2dFGRS survey is 2 : 0.1. X-ray stacking analysis of 2dFGRS galax- 

ies offers the opportunity to constrain the mean X-ray properties of ‘normal’ 
spirals and E/SO at z ^ 0.1. 
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Figure 2. log Lx /is against 2 ; for spiral galaxies. The stacking analysis results for the 
2dFGRS spirals are shown with the filled circle. This is compared with local spirals (triangle; 
Shapley et al. 2001) and high -2 late type galaxies in the Chandra Deep Field North (squares; 
Hornschemeier 2002). 



Stacking is independently performed on the sub-samples of E/SO and spirals 
after excluding 2dFGRS sources associated or lying close to X-ray sources. 
A statistically significant signal is found for both sub-samples corresponding 
to: (i) Lx = 5 X 10^®ergs“^ and LxILb ~ —3 for spirals and (ii) Lx = 
3 X 10^°ergs“^ and LxILb ~ —2.4 for E/SO. Note that optically selected 
spirals have mean X-ray properties 1 dex lower than X-ray detected sources 
(see section 1). 

The mean X-ray properties of spirals can be further used to constrain their 
evolution. This is demonstrated in Fig. 2 plotting the mean LxILb versus 
redshift. The 2dFGRS optically selected spirals at 2 ; Ri 0.1 are compared with 
both deeper higher- 2 ; spiral galaxy samples (Hornschemeier et al. 2002) and 
local spirals (Shapley et al. 2002). The spiral LxILb remains roughly con- 
stant with 2 . Any small differences between high and low -2 samples can be 
attributed to differences in the mean Lb of the galaxies in these sub-samples. 
This suggests that that the spiral galaxy Lx evolves with 2 in the same rate as 
Lb at least to 2 1. Since the spiral galaxy Lb evolves as Ri (1 + 2 )^ (Filly 

et al. 1991), this is evidence for X-ray evolution of spirals. 
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THE HELLAS2XMM IDF SURVEY: ON 
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FLUX SOURCES 
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Abstract We present results from the photometric and spectroscopic identification of 122 
X-ray sources recently discovered by XMM-Newton in the 2-10 keV band (the 
HELLAS 2XMM IdF sample). One of the most interesting results (which is 
found also in deeper surveys) is that ~ 20% of the sources have an X-ray to opti- 
cal flux ratio (X/O) ten times or more higher than that of optically selected AGN. 
Unlike the faint sources found in the ultra-deep Chandra and XMM-Newton 
surveys, which reach X-ray (and optical) fluxes > 10 times lower than in the 
HELLAS2XMM sample, many of the extreme X/O sources in our sample have 
R < 25 and are therefore accessible to optical spectroscopy. We report the identi- 
fication of 13 sources with extreme X/O values. While four of these sources are 
broad line QSO, eight of them are narrow line QSO, seemingly the extension to 
very high luminosity of the type 2 Seyfert galaxies. 



1. Introduction 

Hard X-ray surveys are the most direct probe of supermassive black hole 
(SMBH) accretion activity, which is recorded in the Cosmic X-ray Background 
(CXB), in wide ranges of SMBH masses, down to ~ 10® — 10^ Mq, and bolo- 
metric luminosities, down to L ~ 10'^^ erg/s. X-ray surveys can therefore 
be used to: study the evolution of the accreting sources; measure the SMBH 
mass density; constrain models for the CXB (Setti & Woltjier 1989; Comas- 
tri et al. 1995), and models for the formation and evolution of the structure 
in the universe (Haehnelt, 2003; Menci et al. 2003). These studies have so 
far confirmed, at least qualitatively, the predictions of standard AGN synthesis 
models for the CXB: the 2-10 keV CXB is mostly made by the superposition 
of obscured and unobscured AGNs (Hasinger, 2003; Fiore 2003 and references 
therein). Quantitatively, though, rather surprising results are emerging: a rather 
narrow peak in the range z=0.7-l is present in the redshift distributions from 
ultra-deep Chandra and XMM-Newton pencil-beam surveys, in contrast to the 

283 

M. Plionis (ed.), Multiwavelength Cosmology, 283-286. 

© 2004 Kluwer Academic Publishers. Printed in the Netherlands. 



284 



MULTIWAVELENGTH COSMOLOGY 



broader maximum observed in previous shallower soft X-ray surveys made by 
ROS AT, and predicted by the above mentioned synthesis models. However, the 
optical identification of the faint sources in these ultra-deep surveys is rather 
incomplete, especially for the sources with very faint optical counterparts, i.e. 
sources with high X-ray to optical flux ratio (X/0). Indeed, the optical magni- 
tude of Ri 20% of the sources, those having the higher X/0, is R 2 26 — 27, not 
amenable at present to optical spectroscopy. This limitation leads to a strong 
bias in ultra-deep Chandra and XMM-Newton surveys against AGN highly 
obscured in the optical, i.e. against type 2 QSOs, and in fact, only 10 type 
2 QSOs have been identified in the CDFN and CDFS samples (Cowie et al. 
2003; Hasinger, 2003). To help overcoming this problem, we are pursuing a 
large area, medium-deep surveys, the HELLAS 2XMM serendipitous survey, 
which, using XMM-Newton archival observations (Baldi et al. 2003) has the 
goal to cover ~ 4 deg^ at a 2-10 keV flux limit of a fewx 10“^'^ erg cm“^ . 
At this flux limit several sources with X/0 ^ 10 have optical magnitudes R=24- 
25, bright enough for reliable spectroscopic redshifts to be obtained with 10m 
class telescopes. 

2. The HELLAS2XMM IdF sample 

We have obtained, so far, optical photometric and spectroscopic follow-up of 
122 sources in five XMM-Newton fields, covering a total of ~ 0.9 deg^ (the 
HELLAS2XMM ‘IdL’ sample), down to a flux limit of L 2 _ioA:ey ~ 10“^^ 
erg cm~^ s“^. We found optical counterparts brighter than R~ 25 within 
~ 6" from the X-ray position in 116 cases and obtained optical spectroscopic 
redshifts and classification for 94 of these sources (Liore et al. 2003). The 
source breakdown includes: 61 broad line QSO and Seyfert 1 galaxies, and 33 
optically obscured AGN, i.e. AGN whose nuclear optical emission, is totally or 
strongly reduced by dust and gas in the nuclear region and/or in the host galaxy 
(thus including objects with optical spectra typical of type 2 AGNs, emission 
line galaxies and early type galaxies, but with X-ray luminosity 2 lO'^^ erg 
s“^). We have combined the HELLAS2XMM IdL sample with other deeper 
hard X-ray samples including the CDLN (Barger et al. 2002), Lockman Hole 
(Mainieri et al. 2002; Baldi et al. 2003), and SSA13 (Barger et al. 2001) 
samples, to collect a “combined” sample of 317 hard X-ray selected sources, 
221 (70%) of them identified with an optical counterpart whose redshift is 
available. The flux of the sources in the combined sample spans in the range 
10-1^ - 4 X 10 erg cm ^ s ^ and the source breakdown includes 113 
broad line AGN and 108 optically obscured AGN. 

Lig. 1 shows the X-ray (2-10 keV) to optical (R band) flux ratio (X/0) for the 
combined sample. About 20% of the sources have X/0 2 10, i.e ten times or 
more higher than the X/0 typical of optically selected AGN. At the flux limit 
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Figure 1 The X-ray (2-10 
keV) to optical (R band) flux 
ratio X/O as a function of the 
X-ray flux for the combined 
sample (HELLAS2XMM = 
open circles; CDFN = filled 
squares; LH = filled trian- 
gles; SSA13 = filled circles, 
skeleton triangles are sources 
without a measured redshift). 
Solid lines mark loci of con- 
stant R band magnitude. 



of the HELLAS2XMM IdF sample several sources with X/O 2 10 have opti- 
cal magnitudes R=24-25, bright enough for reliable spectroscopic redshifts to 
be obtained with 8m class telescopes. Indeed, we were able to obtain spec- 
troscopic redshifts and classification of 13 out of the 28 HELLAS2XMM IdF 
sources with X/0> 10; 8 of them are type 2 QSO at z=0.7-1.8, to be compared 
with the total of 10 type 2 QSOs identified in fhe CDFN (Cowie ef al. 2003) 
and CDFS (Hasinger, 2003). Fig. 2 show fhe X-ray fo opfical flux ratio as a 
function of fhe X-ray luminosify for broad line AGN (lefl panel) and non broad 
line AGN and galaxies (cenfral panel). While fhe X/O of fhe broad line AGNs 
is nof correlafed wifh fhe luminosify, a sfriking correlafion befween log(X/0) 
and log(F 2 _iofcev) is presenf for fhe obscured AGN: higher X-ray luminosify, 
opfically obscured AGN fend fo have higher X/O. A similar correlafion is ob- 
fained computing fhe rafio befween fhe X-ray and opfical luminosifies, instead 
of fluxes (because fhe differences in fhe K correcfions for fhe X-ray and opfical 
fluxes are small in comparison fo fhe large spread in X/O). All objecfs ploffed 
in fhe righf panel of Fig. 2 do nof show broad emission lines, i.e. fhe nuclear 
opfical-UV lighf is complefely blocked, or sfrongly reduced in fhese objecfs, 
unlike fhe X-ray lighf. Indeed, fhe optical R band lighf of fhese objecfs is dom- 
inafed by fhe hosf galaxy and, Iherefore, X/O is roughly a ratio between the 
nuclear X-ray flux and the host galaxy starlight flux. The righf panel of Figure 
2 helps fo undersfand fhe origin of fhe correlafion befween X/O and F 2 _iofcey- 
While fhe X-ray luminosify of fhe opfically obscured AGNs spans abouf 4 
decades, fhe hosf galaxy R band luminosity is disfribufed over less fhan one 
decade. The rafio befween fhe fwo luminosifies (and hence fhe rafio befween 
fhe fwo fluxes, see above) resulfs, Iherefore, sfrongly correlafed wifh fhe X-ray 
luminosify. 



3. Summary 

We have obfained specfroscopic redshiffs and classificafion of 13 ouf of fhe 
28 HEFFAS2XMM IdF sources wifh X/O 2 10: fhe majority of fhese sources 
(8) are fype 2 QSOs af z=0.7-1.8, a fraction of type 2 QSOs much higher fhan 
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Log L (2-10 keV)Log L (2-10 keV) Log L(R) 

Figure 2. The X-ray to optical flux ratio X/0 versus the X-ray luminosity for type 1 AGN 
(left panel), and non type 1 AGN and galaxies (central panel); X/O versus the optical luminosity 
for non type 1 AGN and galaxies (right panel). Symbols as in Fig. 1. The horizontal lines mark 
the level of X/O=10, ~ 20% of the sources in the combined sample have X/O higher than this 
value. The diagonal line in the right panel is the best log(X/0)-log(L2- lotieV') linear regression. 



at lower X/O values. We find a strong correlation between X/O and the X- 
ray luminosity of optically obscured AGN, X/O=10 corresponding to an (av- 
erage) 2-10 keV luminosity of erg s“^. Sources of this luminosity and 
flux Ri 10“^® erg cm“^ , reachable in Chandra and XMM-Newton ultra- 
deep surveys, would be at z~ 3. Although only 20% of the X-ray sources 
have such high X/O, they may carry the largest fraction of accretion power 
from that shell of Universe. Intriguingly, Mignoli et al. (2003 in preparation) 
find a strong correlation between the R-K color and the X/O ratio, all the 10 
X/0> 10 HELLAS 2XMM IdL sources studied having R-K2 5, i.e. they are all 
Extremely Red Objects. 
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REDSHIFT SPIKES IN THE CHANDRA DEEP 
FIELD SOUTH 
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Abstract The redshift distribution of the X-ray sources in the IMsec ChandraDeep Field 
South (CDFS) shows two prominent spikes at z=0.67 and z=0.73, mainly pop- 
ulated by Active Galactic Nuclei (AGN). Other significant spikes are detected 
at z=1.04, 1.62 and 2.57. Part of the CDFS has been covered by the K20 near 
infrared survey, where similar stmctures of galaxies (mostly early-type) are ob- 
served at z=0.67 and z=0.73. There is also a very good correlation between less 
prominent X-ray and K20 peaks suggesting that AGN and early-type galaxies 
are tracing the same underlying structures. 

Keywords: Large-scale structure of universe, X-rays:general 

1. Introduction 

While the large scale structure of the Universe at z < 1 is usually mapped 
through galaxy surveys, AGN surveys are a powerful tool to study the clus- 
tering of high redshift objects. AGN clustering has been extensively studied 
and detected at optical wavelengths (Shanks et al. 1987; La Franca et al. 
1998; Groom et al. 2001), where objects are mainly selected by means of their 
strong UV excess and include almost exclusively unobscured-type 1 AGN. An 
advantage of the X-ray selection, especially in the hard X-rays, resides in the 
capability of detecting also obscured AGN. 

While angular clustering of X-ray selected AGN was detected by several au- 
thors (Akylas et al. 2000; Vikhlinin et al. 1995) in the past years, only recently 
a measurement of their spatial clustering became available (Mullis et al. 2002). 
The ChandraMsec surveys in the Deep Field South (CDFS, Rosati et al. 2002) 
and North (CDFN, Brandt et al. 2001) will allow a step forward in measuring 
the clustering of X-ray selected AGN, which constitute about 80-90% of the 
sources detected in these fields (Szokoly et al. 2003; Barger et al. 2003). 
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Figure 1. Redshift distribution for X- 
ray sources (Upper Panel) and K20 sources 
(Lower Panel) with high quality optical 
spectra. The insets show a zoom on the 
two main redshift spikes at z=0.67 and 
z=0.73. The black histograms represent the 
matches between the X-ray and the K20 
catalogs. 



Figure 2. Chandra ACIS-I image 
of the CDFS with sources at z=0.67 and 
z=0.73 marked with circles and squares, re- 
spectively. Extended sources in the spikes 
are represented as big symbols. The dashed 
hox indicates the 6.7 x 4.8 arcmin region 
covered hy the K20 survey. 



Throughout this paper we will use a cosmology with Hq = 70 km s ^ Mpc 
= 0.3, S2a = 0.7. 

2. X-ray and K-band sources 

The IMsec observation of the CDFS with ChandraAClS-l represents one of 
the deepest X-ray surveys to date (Rosati et al. 2002; Giacconi et al. 2002). 
The optical follow-up was primarily performed using the FORSl camera at 
the VLT (Szokoly et al. 2003). As shown in Fig. 1, the redshift distribution of 
the 131 sources with unambiguous redshift measurement is dominated by two 
large concentrations of sources at z ~ 0.67 and 2 ; ~ 0.73. As shown in Fig. 2, 
these two structures extend to a minimum scale of ~ 17 arcmin, corresponding 
to a linear physical size of 7.3 Mpc at z ^ 0.7. Two extended sources, identi- 
fied as galaxy groups/clusters, are present in each of the structures (see Fig. 2 
and 3). 

Smaller peaks are also recognized in the X-ray source redshift distribution of 
Fig. 1 . A detection procedure to assess the significance of fhe redshiff peaks 
was worked ouf by (Gilli ef al. 2003). Besides fhe already menfioned sfrucfures 
al z=0.67 and z=0.73, olher 5 peaks were delecled, fhe mosl remarkable al 
z=1.04, 1.62 and 2.57. 
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About 1/10 of the X-ray field has been covered by the K20 near-infrared survey 
(see Cimatti et al. 2002 and references therein). Spectroscopic identification 
of the K20 sources has been performed with FORSl and FORS2 at the VLT. 
The redshift distribution of the 258 galaxies with unambiguous redshift deter- 
mination is also shown in Fig. 1 . In strict analogy with the X-ray results, the 
redshift distribution of the K20 galaxies has two prominent peaks at z=0.67 
and z=0.73. 

While in the X-rays the two structures appear equally populated, in the smaller 
K20 field sources al z=0.73 (47 objecls) are a faclor of ~ 2 more numerous 
lhan sources al z=0.67 (24 objecls). Also, Ihe struclure al z=0.73 appears lo 
be dominated by a relaxed galaxy cluster, showing a cenlral cD galaxy and 
significanl speclral segregalion, wilh massive early lype objecls concenlraled 
in Ihe center (see Fig. 3). On Ihe conlrary, sources at z = 0.67 conslilule a 
loose slruclure wilh early and late lype galaxies uniformly dislribuled across 
Ihe K20 field. 

The procedure described in Gilli el al. 2003, allowed Ihe detection of olher 6 
K20 peaks besides Ihe Iwo already mentioned. The full lisl of Ihe X-ray and 
K20 detected peaks is given in Table 1 of Gilli el al. 2003. Overall, 5 oul of 8 
peaks in Ihe K20 source redshift dislribulion have an X-ray peak counterpart, 
and all Ihe 4 mosl significanl K20 peaks have an X-ray counterpart. Then, in 
general, Ihe slruclures seen in Ihe K20 survey are Iraced on wider scales by Ihe 
X-ray sources. Il is worlh noting lhal high redshift peaks are nol detected in 
Ihe K20 observations, whose sensitivity drops dramatically above z ~ 1.3. 

3. The X-ray source fraction in the redshift structures 

We have sludied in more delail Ihe correlation belween Ihe redshift dislribulion 
of Ihe X-ray and K20 sources, since enhanced nuclear or slar forming activity 
(bolh marked by X-ray emission) are likely lo be produced by galaxy interac- 
tions in large scale slruclures. 

The cross correlation belween X-ray and K20 sources produced 30 malches. In 
Ihe low redshift spike Ihe fraction of K20 sources wilh an X-ray counlerparl is 
a faclor of ~ 2.6 higher lhan in Ihe high redshift spike and in Ihe neighboring 
redshift bins. Because of Ihe limited slalislics, Ihis overdensily is significanl 
only al Ihe 2 a level. 

Significanl improvemenls in Ihe underslanding of Ihe large scale slruclures in 
Ihe CDFS are expected from Ihe on going and planned mulliwavelenglh obser- 
vations of Ihe field. The XMM deep pointing (370 ksec in a 30 arcmin diameter 
region; Hasinger el al. 2002) is aclually expanding Ihe X-ray sky coverage by 
a faclor of ~ 2. Accurate pholomelric redshifls for Ihe optically fainl X-ray 
sources are being oblained from FORS optical images and ISAAC near-IR dala 
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Figure 3 Spatial distribution 
of the K20 sources at z=0.67 
(open circles) and at z=0.73 
(filled squares). Their optical 
classification is indicated by 
the numbers inside the sym- 
bols. Crosses are over-plotted 
on sources with X-ray coun- 
terparts. One galaxy group at 
z=0.67 (CDFS 560) and one at 
z=0.73 (CDFS 594) detected 
in the X-rays just outside the 
K20 field are also indicated. 



and will be refined further using data from the Advanced Camera for Survey 
(ACS) on HST. 
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Abstract The 2 Ms Chandra Deep Field-North survey provides the deepest view of the 
Universe in the 0. 5-8.0 keV X-ray band. In this brief review we investigate the 
diversity of X-ray selected sources and focus on the constraints placed on AGNs 
(including binary AGNs) in high-redshift submm galaxies. 

Keywords: surveys — cosmology — X-rays: active galaxies — X-rays: galaxies 

1. Introduction 

The 2 Ms Chandra Deep Eield-North (CDE-N) survey provides the deepest 
view of the Universe in the 0. 5-8.0 keV band. It is « 2 times deeper than the 
1 Ms Chandra surveys (Brandt et al. 2001; Giacconi et al. 2002) and Ri 2 or- 
ders of magnitude more sensitive than pre-Chandra surveys. Eive hundred and 
three (503) highly significant sources are detected over the 448 arcmin^ area 
of the CDE-N, including 20 sources in the central 5.3 arcmin^ Hubble Deep 
Eield-North region (Alexander et al. 2003a; see Eig 1). The on-axis flux limits 
of Ri 2.3 X 10“^^ erg cm~^ s“^ (0.5-2.0keV) and Ri 1.4 x 10“^® erg cm“^ s“^ 
(2-8 keV) are sensitive enough to detect moderate-luminosity starburst galax- 
ies out to z Ri 1 and moderate-luminosity AGNs out to 2 ; Ri 10. 

In addition to deep X-ray observations, the CDE-N region also has deep multi- 
wavelength imaging (radio, submm, infrared, and optical) and deep optical 
spectroscopy (e.g., Barger et al. 2003a). Most recently, the CDE-N has been 
observed with the ACS camera on HST and will be observed with the IRAC 
and MIPS cameras on SIRTF as part of the GOODS project (Dickinson & Gi- 
avalisco 2003). The HST data, in particular, are providing key morphological 
and environmental constraints on the X-ray detected sources. 
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Figure 1. Adaptively smoothed (2.5cr) 
0. 5-8.0 keV image of the CDF-N (see 
Fig 3 of Alexander et al. 2003a). 
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Figure 2. J-band magnitude versus X- 
ray flux. The shaded regions show approx- 
imate flux ratios for different source types. 



2. The diversity of X-ray selected sources 

The X-ray-to-optical flux ratios of the faintest X-ray sources span up to five 
orders of magnitude, indicating a broad variety of source types (including 
AGNs and starburst galaxies; see Fig 2). Many of the AGNs show the op- 
tical characteristics of AGN activity (e.g., broad or highly ionised emission 
lines). However, a large fraction (perhaps > 50%) are either too faint for op- 
tical spectroscopic identification or do not show typical AGN optical features 
(e.g., Alexander et al. 2001; Hornschemeier et al. 2001; Comastri et al. 2003). 
It is the X-ray properties of these sources that identify them as AGNs [e.g., 
luminous, and often variable and/or hard (i.e., F < 1) X-ray emission]. The 
corresponding AGN source density (f« 6000 deg“^) is 10 times higher than 
that found by the deepest optical surveys (e.g.. Wolf et al. 2003). 

X-ray spectral analyses of the X-ray brightest AGNs indicate that both ob- 
scured and unobscured sources are found (Vignali et al. 2002; Bauer et al. 
2003). However, few Compton-thick sources have been identified, and current 
analyses suggest that they are rare even at faint X-ray fluxes (e.g., Alexander 
et al. 2003a). Whilst AGNs are identified out to z = 5.189 fewer high-redshift 
moderate-luminosity AGNs are found than many models predict (e.g., Barger 
et al. 2003b). Indeed, current analyses suggest that moderate-luminosity AGN 
activity peaked at comparatively low redshifts (e.g., Cowie et al. 2003). 

A large number of apparently normal galaxies are detected at faint X-ray fluxes 
(e.g., Hornschemeier et al. 2001). The properties of these sources at infrared, 
radio. X-ray, and optical wavelengths are consistent with those expected from 
starburst and normal galaxies (e.g., Alexander et al. 2002; Bauer et al. 2002; 
Hornschemeier et al. 2003). Furthermore, their X-ray and radio luminosi- 
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Figure 3. X-ray-radio luminosity com- 
parison for CDF-N (black) and local (grey) 
sources (see Fig 4 in Bauer et al. 2002). 




Figure 4. Submm source (J-band image; 
X-ray contours) with likely binary AGNs 
(see Fig 2 in Alexander et al. 2003b). 



ties are correlated in the same manner as for local starburst galaxies, suggest- 
ing that the X-ray emission can be used directly as a star-formation indicator 
(Bauer et al. 2002; Ranalli et al. 2003; see Fig 3). While the X-ray emission 
from the low-redshift, low-luminosity sources could be produced by a single 
ultra-luminous X-ray source (e.g., Hornschemeier et al. 2003), the majority of 
these sources have X-ray luminosities between those of M 82 and NGC 3256, 
implying moderate-to-luminous star-formation activity. 

3. AGNs in high-redshift submm galaxies 

Deep submm surveys have uncovered a population of dust-enshrouded, lumi- 
nous galaxies at high-redshift (z 1^; e.g., Smail et al. 1997; Hughes et al. 
1998). Both AGN and starburst activity can theoretically account for the large 
luminosities of these sources; however, since few (< 10%) submm sources 
have X-ray counterparts in moderately deep X-ray surveys, AGNs can only be 
bolometrically important if they are Compton thick (e.g., Fabian et al. 2000; 
Hornschemeier et al. 2000). The CDF-N is sensitive enough to place direct 
constraints on the presence and properties of AGNs in submm galaxies. 

Seven bright (/sso^im > 5 mJy; S/N> 4) submm sources have X-ray counter- 
parts in a 70.3 arcmin^ area centred on the CDF-N (Alexander et al. 2003b); 
using the most recent submm catalog of Borys et al. (2003), this corresponds 
to 54% of the bright submm sources! The X-ray emission from five of these 
sources is clearly AGN dominated, while the X-ray emission from the other 
two sources may be star-formation dominated (Alexander et al. 2003b). X-ray 
spectral analyses of the five AGNs indicafe fhaf all are heavily obscured; how- 
ever, wifh 1-2 possible exceptions, fhe absorpfion appears fo be Compfon fhin 
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and the AGNs are of moderate luminosity (Alexander et al. 2003b). Conse- 
quently, the AGNs make a negligible contribution to the bolometric luminosity. 
This may imply that the central massive black holes are in their growth phase. 
Interestingly, two 30%) of the seven submm sources are individually asso- 
ciated with X-ray pairs (Alexander et al. 2003b; see Fig 4). The small angular 
separations of these pairs (f« 2-3”) correspond to just 20 kpc a.t z = 2 (ap- 
proximately one galactic diameter); the probability of a chance association is 
<1%. We may be witnessing the interaction or merging of AGNs in these 
sources (a low-redshift example of this binary AGN behaviour is NGC 6240; 
Komossa et al. 2003). Since only five (f« 3%) of the 193 X-ray sources in this 
region are close X-ray pairs (<3'' separation), binary AGN behaviour appears 
to be closely associated with submm galaxies (see also Small et al. 2003). 
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Abstract We discuss the direct implications of the observed state of the gas accreting on 
to the clusters of galaxies on the galaxy transformation. We explain why there 
is a truncation of the thin disk in spirals long before the galaxy enters the dense 
cluster environment. XMM observations thus provide a direct support for the 
revision of the picture of environmental effects in clusters of galaxies. 

Thermodynamics of groups. Analysis of combined ROSAT and ASCA data 
on the entropy profiles for groups revealed very high entropy level at outskirts, 
400 keV cm^, supporting a need of energy injection into the gas before its 
accretion onto potentials of the groups (Finoguenov et al. 2002). After com- 
parison with a larger sample of groups and clusters, we conclude that there 
is a variation in the entropy between 100 keV cm^ and ~ 400 

keV cm^ within every system due to non-gravitational heating. Using models 
of cluster formation as a reference frame, we established that the accreted gas 
reaches an entropy level of 400 keV cm^ by redshift 2.0 — 2.5, while such high 
entropies where not present at redshifts higher than 2.8 — 3.5, favoring nearly 
instantaneous preheating. 

To check our suggestions, we carry out a comparison between observations 
and hydrodynamic simulations of entropy prohles of groups and clusters of 
galaxies (Finoguenov et al. 2003a). We use the Tree-i-SPH GADGET code 
(Springel, Yoshida & White 2001) to simulate four halos of sizes in the M 500 = 
1 — 16 X 10^^/i“^Mq range, corresponding to poor groups up to Virgo-like 
clusters. We adopt a flat ACDM cosmology with Dm = 0.3, h = 0.7, 
Dfo = 0 . 02 / 1 “^, and as = 0.8. With the heating energy budget of ~ 0.7 
keV/particle injected at Zh = 3, we are able to reproduce the entropy profiles 
of groups. We obtain the flat entropy cores in a combined effect of preheating 
and cooling, while we achieve the high entropy at outskirts by preheating. Fig- 
ure I summarizes the comparison between the entropy properties of the ICM 
for simulated and observed galaxy systems and also compares the evolution 
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Figure 1. Two left panels: entropy profiles scaled by the total mass in units of 
measured at overdensity A 500 and plotted against a scaling radius measured as a fraction of 
rsoo- Gray lines indicate the data. Black lines denote various simulation runs: dot-long-dash 
for the gravitational heating runs, short-long-dash for including the effect of cooling runs, long 
dash and dot-short-dash for preheating at z=9, dotted and solid for preheating at z=3. Panel (d) 
shows a comparison at rsoo, where data points are shown as crosses, circles indicate simulations 
with preheating, with filled circles representing the Zh = 3. Open squares show the purely 
gravitational run and filed squares indicate the effect of cooling. Dashed lines represent the 
prediction for the shock heating. The long-dashed line indicates the effect of a preheating value 
of 500 keV cm^. Right panel: comparison of the evolution of the star-formation rate density 
observed for early-type galaxies (squares with errorbars; Franceschini et al. 1998) and predicted 
in our model at z=3 for the group, normalized to the Llgroups+ciusters/^m (grey line). 

of the star-formation rate density observed for early-type galaxies (Frances- 
chini et al. 1998) and predicted in our model with preheating at z=3 for the 
group, normalized to the ^groups+ciusters /^m- Initial halo growth dominat- 
ing the star-formation density at z > 5, coresponds to the so called quiescent 
mode of the star-formation, which is locally seen in spiral galaxies and at high- 
redshift is attributed to the Ly-break galaxies. The Ly-break stage of elliptical 
is followed by a dominance of the merger growth, characterized by bursts of 
star-formation (Sommervile et al. 2001), and thought to be observed in hy- 
perluminous high-redshift infrared galaxies, such as SCUBA sources. Effect 
of intoduction of the preheating consists in strangulation of the gas accre- 
tion, leading to a complete squelching of the quiescent star-formation mode 
and reducing the effectiveness of the late-time burst mode at later epochs, re- 
producing therefore the observed decline by two orders of magnitude in the 
star-formation rate density of early-type galaxies. 

Smoking gun evidence. XMM-Newton observations of the outskirts of the 
Coma cluster of galaxies (Finoguenov et al. 2003b) confirm the existence of 
a soft X-ray excess claimed previously and show it comes from warm thermal 
emission. Our data provide a robust estimate of its temperature (~ 0.2 keV) 
and oxygen abundance (~ 0.1 solar). Using a combination of XMM-Newton 
and ROSAT All-Sky Survey data, we rule out a Galactic origin of the soft X-ray 
emission. Associating this emission with a 20 Mpc region in front of Coma, 
seen in the skewness of its galaxy velocity distribution (Fig. 2), yields an esti- 
mate of the density of the warm gas of ~ 50/baryonPc- Our measurement of the 
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Figure 2. Left panel: detailed decomposition of the pn spectrum (small grey crosses) in the 
Coma- 1 1 field into foreground and background components, obtained from the analysis of the 
blank field, plus hot and warm emission from the Coma cluster. Large crosses are the result of 
the in-field subtraction of Coma emission and detector background, possible due to differences 
in the spatial distributions between the Coma warm. Coma hot and detector background com- 
ponents. MW halo means Milky Way halo and CXB means cosmic X-ray background. Right 
panel: galaxy distribution in the direction to the Coma cluster from CfA2 survey. Central 2 
degrees in radius field centered on NGC4889 are shown, excluding the 60 degrees cone in the 
South-West direction from the center, to avoid the effect of the NGC4839 subcluster. An excess 
of galaxies over the Gaussian approximation of the velocity dispersion of the Coma cluster is 
seen in the 4500 — 6000 km s“'^ velocity range. The insert shows the spatial distribution of the 
excess galaxies in the 4500 — 6000 km s“^ velocity bin over the galaxies in the 8500 — 10000 
km s“^ velocity bin, this time out to 10 degrees. 

gas mass associated with the warm emission strongly support its nonvirialized 
nature, suggesting that we are observing the warm-hot intergalactic medium 
(WHIM). 

The resulting star-formation will proceed by consumption of the previously 
accumulated gas, in either quiescent mode as in the disk, or merger-induced 
bursts leading to formation of the spheroid. Galaxy mergers are frequent in- 
side galaxy groups, but in a filament the infall of the gas will primarily be 
recorded in the star-formation history of the disk (Kennicutt et al. 1994). A 
relevant observation could therefore shed light on the feedback epoch, which 
is crucial in understanding the relation between the X-ray filaments and OVI 
absorbers. The recent Sloan Digital Sky Survey (SDSS) discovery of passive 
spirals, in the same filament in front of Coma (Goto et al. 2003), is exactly 
what is expected from this strangulation process. The existence of these pas- 
sive spirals lends further support to the association of the soft X-ray excess 
with the Coma filament. As passive spirals are starting to be found in the out- 
skirts of many clusters, the presence of the soft X-ray excess might be a wide- 
spread phenomenon among the massive clusters, as indicated by first results 
on XMM-Newton REFLEX-DXL survey (Zhang et al. 2003). 
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Figure 3. Left panel: pressure vs entropy for all the regions in M86. Only the points with 
significance greater than 4 sigma are shown. Open circles and filled triangles denote the points 
with high and low Fe abundance, respectively. Light gray lines show isotherms and a dark- 
gray line shows the shock adiabat of Mach number of 1.4. Dotted line shows the prediction 
on imposing an additional pressure of 4 x 10“^^ ergs cm“® to an initially isothermal gas with 
kT = 0.67 keV. Right panel: large-scale structure around M86. The wavelet-reconstructed 
image reproduces a part of ROSAT All-Sky Survey in the 0.5-2 keV energy band, close to M86. 
Black squares indicate the galaxies falling onto Virgo from behind (Vmst — Vgaiaxy > 600 
km/s). Large rectangular region denotes the position of the excess X-ray emission identified in 
Bohringer et al. (1994). 



Examples of other recently proposed gas removal mechanisms. An in- 
depth understanding of the processes in the hot interstellar medium of M86, 
provided by XMM-Newton observations of M86 has suggested a number of 
past and on-going interactions to take place. Comparison with the position of 
M86 in the Virgo cluster, promotes the environment outside the virial radius 
of M87 cloud to bear the prime responsibility for the apparent morphological 
transformation of the X-ray appearance of M86. Some of the past interactions 
in M86 are characterized by 10-50 kpc scale, which is only suitable for galaxy- 
galaxy interactions on one hand, setting limits on a degree of interaction, on 
the other, thus providing us with understanding of the processes leading to 
establishment of the morphology-density relations in clusters of galaxies. 
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1. Introduction 

The origin of the hard XRB as a superposition of unabsorbed and absorbed 
AGNs is now widely accepted as the standard model. It has been recognized 
that a self consistent AGN model for the XRB (e.g. Comastri et al. 1995; Gilli 
et al. 2001) requires a combined fit of several observational constraints in addi- 
tion to the XRB spectral intensity, such as the number counts, the redshift and 
the average spectra. Furthermore, a key ingredient is the absorption distribu- 
tion of the hydrogen column density N^: this is a very critical parameter in the 
model, the only one not constrained by any direct measurement and treated as 
a free parameter in the fitting procedure. To date, synthesis models have been 
based on the local Nh distribution of Piccinotti et al. (1982) sample or more 
recently on the Risaliti et al. (1999) distribution for Seyferts 2, even if several 
works have tackled the issue of distribution (Maiolino et al. 1998, Bassani 
et al. 1999, Bauer et al. 2003). However all of these kinds of study are still 
affected by selections effects or incompleteness problems or by biases related 
to the absorption. 

We designed an XMM-Newton serendipitous survey in the hard band [7-11] 
keV in order to improve the Piccinotti et al. (1982) distribution and to obtain a 
more reliable Nh distribution according to criteria independent of absorption 
effects. The selection of the hard [7-11] keV band can allow us to be unbiased 
against absorbed objects as much as possible. Moreover, the high throughput 
of XMM combined with the selection of bright objects, can allow us to perform 
an accurate spectral analysis and characterization of the sources. 

The goal was to build a local reference sample the least affected than any other 
by Nh bias in order to study its properties and compare them to those of other 
deeper and non local samples; to derive, from spectral modeling, a solid de- 
termination of Nh followed by the Nh distribution of our sample (the Nh 
distribution has been usually derived from hardness ratio measurements in the 
previous surveys performed in the hard band); to help constrain the X-ray Lu- 
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Figure 1. The X-ray ([2-10] keV) to 
optical (R band) flux ratio as a func- 
tion of the X-ray flux combined sam- 
ple:open circles= HELLAS2XMM, filled 
squares=CDFN, filled triangles=LH, filled 
circles=SSA13 (see Fiore et al. 2003 for 
details). Solid lines mark loci of constant 
R band magnitude. The vertical solid line 
mark the limiting [2-10] keV band flux of 
our survey. 



Figure 2. The fraction of sources with 
Nrr > 10^^ (at z=0) as a function of 2- 
10 keV flux (see Baldi et al. 2003 for 
details). Filled squares=HFFFAS2XMM, 
void triangles= ASCA MSS, void circles 
=CDFS, filled circle= value of Piccinotti et 
al. (1982), filled star=our preliminary aver- 
age. The thick dash-dotted line represents 
the prediction of the XRB synthesis model 
(Comastri et al. 2001) 



minosity Function (XRLF) of absorbed objects and consequently the AGN uni- 
fication schemes and the synthesis models of the XRB ; finally fo address ofher 
imporfanf issues such as fhe relative importance of fhe reflection componenf 
and fhe equivalenf widfh (EW) of fhe iron lines. 

2. The sample 

We analyzed all of fhe XMM-EPIC fields publicly available before March 
Isl 2003, selected al high galactic lalilude |6| > 27 (excluding fhe Mag- 
ellanic Clouds), wifh texp >10 ksec and wifh a full frame observalion in 
PN-I-MOS1-I-MOS2. Our survey covers aboul 30 square degrees for a lolal 
of 1 12 fields observed and 45 sources detected in fhe [7-11] keV band down lo 
a limiting flux of aboul 3 x 10“^'^ erg cm~^ s“^. We cross-correlated fhe X- 
ray posilions of fhe 45 sources wifh fhe NASA Exlragalaclic Dalabase (NED), 
finding fhe oplical counterpart for 10 objecls wifh a measured redshifl. Eor 16 
sources we found an optical counlerparl visible in fhe R plates (which have 
a limiting magnilude of 21) of fhe Digitized Sky Survey (DSS) and as far as 
fhe ofher sources wifh no DSS counlerparl are concerned, we eslimaled fhe 
limiling oplical magnilude from fhe Eiore el al. (2003) diagram (see figure 1). 
Given Ihe high limiting flux of our survey (Fum ~ 5 x 10 in Ihe [2-10] keV 
band), we expected Ihe remainder of our sources lo have an optical magnilude 
of R< 22-23 and Iherefore, lo be able lo perform an optical follow-up wifh a 
4m class telescope. 
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3. Data reduction and spectral characterization 

The data were processed using the XMM-Science Analysis Software (XMM- 
SAS v5.4) and the Baldi et al. (2002) pipeline implemented for the [7-11] keV 
hand. The excellent astrometry between the three cameras allowed us to merge 
together the MOS and PN images in order to increase the S/N of the sources. 
We constructed an automatic spectral pipeline to extract, from the cleaned 
event files, the source spectrum, within a radius rsou=30-45" and the corre- 
sponding background spectrum within a radius rbkg=^XT^sou- We obtained 
spectra for the PN, for the two MOS cameras and for the combined MOSl 
and MOS2 cameras. With the final producfs we performed specfral characferi- 
zafion in fhe 0.4-10 keV energy range. 

We carried ouf a preliminary specfral characferizafion in fhe [2-10] keV band, 
using a simple absorbed power law model in order fo achieve a preliminary 
Nh disfribufion: abouf 30-35% of our sources have a value of Nh > 10^^. 
We report fhe our preliminary average value in fhe figure of Baldi el al. (2003) 
(see figure 2): a clear inconsistency is presenl belween fhe fraction derived 
from bolh fhe HR and specfral analysis and fhe prediclion of fhe XRB synlhe- 
sis model. We expecled lhaf our survey can allow us fo pul a more reliable 
conslrainl on Ihis fraclion by a direcl specfral characterization in fhe flux range 
5 xl0“^^-5 xl0“^^ erg cm“^ s“^ in fhe 2-10 keV band and fo lesl whelher 
Ihis inconsistency is Irue or relaled fo bias effecl. 

4. A peculiar source 

The very wide angle covered by our XMM-Survey allows us fo search for 
very rare objecls, like lype 2 Quasars (QS02): only a handful of QS02 are 
known fo dale. Here we presenl fhe example of a very peculiar and inleresling 
objecl found during our serendipilous survey. The complex speclrum of Ihis 
source has been filled in fhe 0.3-10 keV range wilh a Model described wilh fhe 
following formula: 

Model=Ac X (Mc+ZAr x (PL-tRc+GL)) 

where Aq is fhe absorplion associaled wilh fhe Galaclic column. Me is fhe 
Ihermal componenl, which describes fhe sofl excess (MEKAL in XSPEC); ZAt 
is fhe absorption acling on fhe nuclear emission; PL is fhe power-law model- 
ing fhe nuclear componenl wilh r=1.8; Re is fhe cold reflection componenl 
(PEXRAV in XSPEC); GL is a Gaussian line modeling fhe iron line al 6.4 
keV. In figure 3 we reporl fhe PN speclrum and fhe besl filling model and 
residuals. If is clear lhaf only fhe primary componenl is relevanl. The iron line, 
detected al 97% significalivily allowed us lo measure Ihe redshifl of Ihe source 
and Ihe besl fil value is z=0.31±0.03. We oblained a value of Nh ^10^^ and 
al Ihis redshifl a luminosity in Ihe 2-10 keV band of L[2_io]=l-4 x 10^^ erg 
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Figure 3. Left Pannel: The best fitting model and residual of QS02. Right Pannel: The 
unfolded spectrum of QS02. The dashed line is the thermal component, the dot-dashed line is 
the power law component, the dotted line is the reflection component and the dot-dot-dashed 
line is the iron line at 6.4 keV. 



cm~^ s“^. We conclude that this object is a QS02. In particular, this is the first 
QS02 discovered and completely spectral characterized in the X-ray (typically 
QS02 were discovered with combined X-ray and optical observations). 

5. Conclusion 

We would like to stress that our XMM-Survey performed in the hard [7-11] 
keV band allows us to perform an accurate spectral analysis and character- 
ization for the first time of a local reference sample, the least affected than 
any other by Nh bias in order to derive a Nh distribution and constrain the 
XRLF of absorbed objects. Considering the knowledge and scientific equip- 
ment available today, this is the best result we could achieve. Future study will 
cover the optical follow up and we plan to extend our survey to about 40 square 
degrees before October 1st 2003. 
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Abstract The European Space Agency, ESA, is currently studying 4 high-energy astro- 
physics missions. These are Lobster-ISS, an all-sky imaging X-ray monitor, the 
Extreme Universe Space Observatory (EUSO) which will study the highest en- 
ergy cosmic rays by using the Earth’s atmosphere as a giant detector, Rosita 
(ROentgen Survey with an Imaging Telescope Array), and XEUS - the X-ray 
Evolving Universe Spectroscopy Mission, a potential successor to ESA’s XMM- 
Newton X-ray observatory. These missions will study many types of objects 
including black holes and clusters of galaxies. The origin of the high-energy 
cosmic rays to be observed by EUSO is unknown and may have cosmological 
implications. These first 3 missions will be attached to external platforms on 
the International Space Station (ISS), while XEUS will visit the ISS to attach 
additional X-ray mirrors to enlarge the original 4.5 m diameter mirrors to the 10 
m diameter required for deep cosmological studies of the early Universe. 

Keywords: Cosmology, X-ray astronomy. Space Station, Cosmic rays. Instrumentation 

1. Introduction 

The European Space Agency (ESA) has amhitious plans to utilize facilities of- 
fered hy the International Space Station (ISS) for high-energy astronomy. Cur- 
rently four such high-energy astronomy missions are being jointly studied hy 
ESA’s Manned Space flight and Science Directorates. These are Lohster-ISS, 
an all-sky imaging X-ray monitor, the Extreme Universe Space Observatory 
(EUSO) which will study the highest energy cosmic rays by using the Earth’s 
atmosphere as a giant detector, Rosita - a medium energy imaging X-ray sur- 
vey mission and XEUS - the X-ray Evolving Universe Spectroscopy Mission, 
a potential successor to ESA’s XMM-Newton X-ray observatory. 

A mission is studied before final approval to allow its overall design to be 
elaborated, the scientific and technical feasibility demonstrated and most im- 
portantly the costs evaluated and commitments obtained for all the necessary 
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Figure 1. The baseline configuration of the approximately 1 Lobster-ISS (left panel). The 

6 telescope modules can be seen each pointing in slightly different directions. The small box at 
the front is a particle monitor and the radiator can be seen at the rear. The right panel shows the 
impressive grasp (Effective area x FOV) of Lobster-ISS <3 keV compared to XMM-Newton. 



elements. These activities are normally part of a so-called “Phase A Study” fol- 
lowing a successful outcome of which, a project can hopefully move forward 
into detailed design and build phases as an approved mission. The scientific 
goals of the X-ray missions include the study of AGN and their cosmological 
evolution, groups and clusters of galaxies, the X-ray background, the warm- 
hot intergalactic medium and gamma-ray burst afterglows. All these topics 
can play an important role in understanding the nature and evolution of the 
Universe. 

2. Lobster-ISS 

Lobster-ISS in an imaging all-sky monitor which will utilize a novel form of 
micro-channel plate X-ray optics and thin window microwell anode gas pro- 
portional counters to provide a 0.5-3. 5 keV sensitivity of ~0. 15 mCrab in a one 
day observation. This is more than an order of magnitude better than previous 
all-sky monitors. Even though the effective area for any particular position on 
the sky is small, the enormous FOV of Lobster-ISS means that its “grasp” (ef- 
fective area x FOV) is more than that of XMM-Newton below 3 keV (Fig. 1), 
right panel). The angular resolution of 4' FWHM will allow source location 
to V to allow the rapid identification of new transient sources. Lobster-ISS 
will produce a catalog of 200,000 X-ray sources every 2 months which will 
be made available to the astronomical community via the WWW. As well as 
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Hard X-ray Surveys 




Figure 2. Existing and planned (circles) medium-energy X-ray surveys. The lines give the 
number of expected sources in the total survey. 



providing an alert facility, Lobster-ISS will allow the study of long-term AGN 
variability, and stellar activity, new X-ray transients. X-ray bursts and super- 
bursts, black holes in AGN, Type II supernovae shock break out, flares from 
non-active galaxies. X-ray background mapping and observations of the X-ray 
afterglows of gamma-ray bursts. 

The instantaneous FOV of Lobster-ISS is 162 x 22.5° and is synthesized from 
six identical offset telescope modules each with a 27 x 22.5° FOV. A gamma- 
ray burst monitor (GRBM) is being considered for Lobster-ISS in order to 
provide simultaneous high-energy spectral and temporal measurements of all 
the gamma-ray bursts that occur within this large FOV. The proposed con- 
figuration of the instrument is shown in the left panel of Fig. 1. It is envis- 
aged that Lobster-ISS will be located on the zenith pointing external platform 
on ESA’s Columbus module. Unlike a conventional satellite which orbits the 
Earth pointing in the same direction, unless commanded otherwise, the ISS or- 
bits rather like an airplane, keeping its main axis parallel to the local horizon. 
This is a great advantage for an all-sky monitor since it means that the EOV 
will automatically scan most of the sky during every 90 minute ISS orbit. The 
Lobster-ISS web site is to be found at http://www.src.le.ac.uk/Iobster. 

3. Rosita 

Rosita is an all-sky survey instrument proposed as an external scientific pay- 
load on the ISS X-ray all-sky surveys were first performed in the late seventies 
using non-imaging detector systems. The highest sensitivity survey in the clas- 
sical 2-10 keV band is still the HEAO-1 A2 survey, with an angular resolution 
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of about 2.5 degrees. Rosita will conduct the first imaging all-sky survey in the 
0.3-10 keV medium energy X-ray range with an unprecedented angular reso- 
lution of ~40". The main scientific goals are (1) to detect systematically all 
obscured accreting Black Holes in nearby galaxies and many (>170000) new, 
AGN, (2) detect the hot intergalactic medium in rare, very massive clusters 
of galaxies at high redshifts as well as in several ten thousand nearer clusters 
and potentially hot filaments in between clusters and (3) study in detail the 
physics of galactic X-ray source populations, such as stellar coronae, super- 
nova remnants and X-ray binaries. Above 2 keV the Rosita survey will have a 
hundred times more sensitivity and have a hundred times better angular resolu- 
tion than the HEAO-1 A2 survey, which was performed about 30 years ago. In 
the 0.5-2 keV energy range the Rosita survey will be more sensitive and have 
a substantially better energy and angular resolution than the ROSAT all-sky 
survey (Fig. 2). 

The telescope will consist of a copy of the seven 27-fold nested Wolter-1 mir- 
ror system already flown on fhe ABRIXAS mission, which failed soon after 
launch due fo a baffery condifioning faulf. The felescope will provide a 7 x 42' 
FOV and give an average exposure on fhe sky of 5800 s for a 3 year mission 
duration. The CCD defecfors are currenfly being developed af MPE Garching 
on fhe basis of fhe successful XMM-Newfon pn-CCD technology, and are also 
a pofenfial profofype for fhe XEUS wide field imager. The Rosifa web sife is: 
hffp://wave.xray.mpe.mpg.de/rosifa. 

4. EUSO 

EUSO is an ulfra-high energy cosmic ray observafory also proposed fo fly on 
fhe Columbus External Payload Facilify on fhe ISS. EUSO will defecf cosmic 
rays wifh energies >4 x 10^® erg s“^ by observing fhe flash of fluorescence 
lighf and fhe reflecfed Cerenkov lighf produced when fhe parficles inferacf wifh 
fhe Earfh’s afmosphere (Fig. 3). Direcf imaging of fhe lighf frack and ifs in- 
fensify variafions will allow fhe sky posifion of fhe evenf as well as fhe overall 
energy fo be reconsfrucfed. The origin, nafure, mefhod of propagation, and ac- 
celerafion mechanism of such cosmic rays are all highly uncerfain, and eifher 
involves exfreme objecfs such as massive black holes or gamma-ray bursfs as 
accelerators or, even more inferesfingly, implies fhe presence of exofic physics 
such as fhe collapse of massive relics, or fopological defecls, leff over from 
fhe Big Bang. If EUSO could make fhe connection befween high-energy cos- 
mic rays and fhe collapse of topological defecls, if would provide a greal slep 
forward in underslanding fhe early Universe. 

By looking down from fhe ISS wifh a 60° FOV EUSO will defecf around 1000 
evenls per year - a faclor of around 7 more lhan fhe mosl sensilive planned 
ground based facilify - Auger, now under conslruclion. Since neulrinos prop- 
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Figure 3. Left: The method of operation of EUSO. EUSO will look down from the ISS with a 
60° FOV and detect the fluorescent and reflected Cerenkov radiation produced when an Extreme 
Energy Cosmic Ray (EECR) interacts with the Earth’s atmosphere. Right: Cosmic ray shower 
depth simulations showing how particle and neutrino induced events can be distinguished. 



agate, on average, much deeper into the atmosphere than protons before inter- 
acting, EUSO will be able to distinguish between the two types of events by 
selecting on interaction depth (Fig. 3) opening up the new field of high-energy 
neutrino astronomy. Unlike Lobster-ISS which fits neatly into the ISS standard 
external accommodation package which basically provides for about a cubic 
meter of volume, EUSO is substantially bigger with a 2.5 m diameter cylinder 
necessary to enclose the double Fresnel lens optics and photo-multiplier tube 
focal plane. A view of what EUSO might look like attached to ESA’s Colum- 
bus module is shown in Fig. 4. More information on EUSO is available on 
http://www.euso-mission.org. 

5. XEUS 

The fourth high-energy mission under study by ESA that utilizes the ISS is the 
X-ray Evolving Universe Spectroscopy mission, or XEUS. This mission is un- 
der study as part of ESA’s long-term Horizon 2000-1- science programme. The 
aims is to place a long lived X-ray observatory in space with a sensitivity com- 
parable to the next generation of ground and space based observatories such as 
ALMA and JWST (Fig. 5). By making full use of the facilities available at the 
ISS and by ensuring in the design a significant growth and evolution potential, 
the overall mission lifetime of XEUS could be as long as 25 years. 

A key goal of this mission is to study of the hot baryons and dark matter at 
high red-shift through spectroscopic investigations of some of the first massive 
black holes. These may form at red-shifts of 10-20 and have X-ray luminosi- 
ties of ~10'^‘^ erg s“^. In order to have sufficient sensitivity to derive their 
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Figure 4. An idea of the size of EUSO may be obtained from this cut-away image of EUSO 
shown attached to ESA’s Columbus module and viewing towards the ISS nadir. 



Sensitivities ot some future missions 




Figure 5. Comparison of the sensitivities of future missions in different wave-bands. A 
horizontal line corresponds to equal power output per decade of frequency. Eor ALMA an 8 hr 
integration was assumed, for FIRST (Herschel) a 5cr detection in 1 hr, for NGST (JWST) a 5a 
detection in 10 ksec, and for XEUS a 100 ksec exposure 
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Figure 6. XEUS in its operational configuration. The detector spacecraft (foreground) main- 
tains its position at the focus of the of the X-ray mirrors 50 m away to within ± 1 mm. 



masses, spins and red-shifts through studies of intensity variability and Fe-K 
lines broadened by strong gravity effects, XEUS will need a 10 m diameter 
X-ray mirror with a spatial resolution of 2 to 5” half-energy width. This will 
provide a limiting 0.1-2.5 keV sensitivity of around 4 x 10“^® erg cm~^ s“^. 
Other key science goals include (1) the study of the formation of the first grav- 
itationally bound, dark matter dominated, systems ie. small groups of galaxies 
and tracing of their evolution into today’s massive clusters. (2) The study of 
the evolution of metal synthesis down to the present epoch, using in particu- 
lar, observations of the hot intra-cluster gas and (3) The characterization of the 
mass, temperature, and density of the intergalactic medium, much of which 
may be in hot filamentary structures, using absorption line spectroscopy. High 
red-shift luminous quasars and the X-ray afterglows of gamma-ray bursts may 
be used as background sources. 

XEUS will be a long-term X-ray observatory consisting of separate formation 
flying defector and mirror spacecraft separated by the 50 m focal length of the 
optics (Eig. 6). XEUS will be launched by an Ariane V and have an initial 
mirror diameter of 4.5 m, limited by the launch shroud of the rocket. The mir- 
ror will be divided into segments, or “petals”. Each petal will be individually 
calibrated and aligned in orbit. Narrow and Wide field imagers will provide 
EOVs of V and 5', and energy resolutions of 1-2 eV and 50 eV at 1 keV. It 
is likely that the narrow field imager will be a cryogenic detector such as an 
array of bolometers or super-conducting tunneling junctions and the wide field 
device will be based on more conventional semi-conductor technology. An ad- 
ditional ring of CCD detectors is being considered to extend the EOV to 15'. so 
increasing significantly the amount of serendipitous science. By super-coating 
the X-ray mirrors the high-energy response will be extended to ~50 keV. The 
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Figure 7. The importance of mirror growth at the ISS. The lower curve shows the initial 
XEUS mirror area. The upper curve shows the factor 5 increase in area <2 keV after growth. 

high-energy X-rays will be imaged by a separate detector, located below the 
wide field imager. Finally, the large mirror throughput opens up other interest- 
ing possibilities such as high time resolution studies and X-ray polarimetry. 
The detector spacecraft will have a sophisticated attitude and orbit control sys- 
tem, maneuvering itself to remain at the focus of the optics. After using most 
of its fuel the detector spacecraft will dock with the mirror spacecraft and the 
mated pair will transfer to the same orbit as the ISS. The mirror spacecraft then 
docks with the ISS and additional mirror segments that have been previously 
transported to the ISS, are attached around the outside of the spacecraft. This 
increases the mirror diameter to 10 m and the effective area at 1 keV from 6 m^ 
to 30 rc? (Fig. 7). The huge increase in sensitivity that is associated with this 
expansion at the ISS means that once the mirror spacecraft has left the ISS to 
be joined by a new detector spacecraft, complete with the latest generation of 
detectors, the study of the early X-ray Universe can begin in earnest. 
Following an initial feasibility study, the many new and challenging technolo- 
gies that are needed for XEUS are being studied within Europe and Japan. The 
XEUS web site is at http://astro.esa.int/XEUS. There is great excitement at 
the prospect of a mission with a sensitivity some 200 times better than that of 
XMM-Newton, ESA’s current X-ray observatory. 
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Abstract We will present simulations of the IGM reionization process and discuss its ob- 
servability through the 21 cm line. We find that the primordial stellar sources 
considered in this study give a value of the reionization epoch and of the elec- 
tron optical depth consistent with the observations by WMAP, without invoking 
the presence of additional sources of ionization. Depending on the redshift of 
reionization, broad-beam observations at frequencies < 100 — 150 MHz with 
the next generation of radio telescopes should reveal angular fluctuations in the 
sky brightness temperature in the range 5-20 mK on scales < 5 arcmin. 



1. Introduction 

Despite much recent theoretical and observational progress in our understand- 
ing of the formation of early cosmic structures and the high redshift universe, 
many fundamental questions remain only partially answered. When did the 
first luminous objects form, and what was their impact on the surrounding in- 
tergalactic gas? While the excess HI absorption measured in the spectra of 
z ~ 6 quasars in the SDSS has been interpreted as the signature of the trailing 
edge of the cosmic reionization epoch (e.g. Fan et al. 2002), the recent anal- 
ysis of the first year data from the WMAP satellite infers a mean optical depth 
to Thomson scattering Te ~ 0.17, suggesting that the universe was reionized 
at higher redshift (e.g. Kogut et al. 2003). 

The study of IGM reionization by primeval stellar sources has been tackled by 
several authors, both via semi-analytic and numerical approaches. Two main 
ingredients are required for a proper treatment of the reionization process: i) a 
model of galaxy formation and emission properties and ii ) a reliable treatment 
of the radiative transfer of ionizing photons. Once a reionization history has 
been produced, different observational strategies can be proposed to test the 
model. It has long been known that neutral hydrogen in the IGM and gravita- 
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tionally collapsed systems may be directly detectable in emission or absorption 
against the CMB at the frequency corresponding to the redshifted 2 1 cm line 
(see for example Tozzi et al. 2000; Carilli, Gnedin & Owen 2002; Furlanetto 
& Loeb 2002; lliev et al. 2003). Here, we discuss the observability of the 
reionization process through the 21 cm line emitted by neutral IGM. 

2. Numerical Simulations of IGM Reionization 

We have studied the galaxy formation and evolution process with a combina- 
tion of high resolution N-body simulations and semi-analytic techniques (Cia- 
rdi, Ferrara & White 2003; Ciardi, Stoehr & White 2003, CSW). The sim- 
ulations, based on a ACDM “concordance” cosmology, are run on a box of 
20/i“^ Mpc comoving side (the largest ever used to study the reionization pro- 
cess) representing a field region of the universe. The smallest resolved halos 
have masses of M ~ 10® Mq and start forming at z ~ 20. As for the galaxies 
emission properties, we have assumed a time-dependent spectrum of a simple 
stellar population of metal-free stars, with either a Salpeter or a mildly top- 
heavy, Larson IMF. Of the emitted ionizing photons, only a fraction f^sc will 
actually be able to escape into the IGM. This quantity is poorly determined 
both theoretically and observationally and may well vary with, e.g., redshift, 
mass and structure of a galaxy, as well as with the ionizing photon production 
rate. Finally, the propagation into the given density field of the emitted ion- 
izing photons is followed with the radiative transfer code CRASH (Ciardi et al. 
2001; Maselli, Ferrara & Ciardi 2003). 

The simulations of galaxy formation and reionization described above have 
been run for the three different parameter combinations in Fig. 1 . The critical 
parameter differentiating these runs is the number of ionizing photons escaping 
a galaxy into the IGM for each solar mass of long-lived stars which it forms. 
This number is maximized in the L20 run and minimized in the S5 one. We 
quantify the agreement between our simulations and the WMAP data through 
the optical depth to electron scattering, Tg. 

The redshift evolution of the volume-averaged ionization fraction, Xy, essen- 
tially coincident with mass-averaged one (CSW), is reported for each run in the 
inset of Fig. 1. The three runs reach complete ionization (xy ^ 1) at 2 ^ ~ 13 
(L20), 1 1 (S20) and 8 (S5). Finally, Fig. 1 shows the evolution of Tg corre- 
sponding to the above reionization histories. The three runs yield the values 
Te = 0.104 (S5), 0.132 (S20) and 0.161 (L20). A value Tg = 0.16 is also 
obtained if one assumes instantaneous reionization at Zr ~ 16 (dotted line). 

To assess the impact of environment on the reionization process, an additional 
simulation has been run (with the same parameters of the S5 run) on a box 
of lDh~^ Mpc comoving side, centered on a proto-cluster (CSW). The results 
will be presented in the Summary. 
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Figure 1. Redshift evolution of the electron optical depth, Te, for the S5 (Salpeter IMF, 
fssc=5%’, long-dashed line), S20 (Salpeter IMF, ff,sc=20%; short-dashed) and L20 (Larson 
IMF, /esc=20%; solid) runs. The dotted line refers to sudden reionization at z = 16. The 
shaded region indicates the optical depth Te = 0.16 ± 0.04 (68% CL) implied by the Kogut 
et al. (2003) “model independent” analysis. In the inset the redshift evolution of the volume- 
averaged ionization fraction, Xv, is shown for the three runs. 

3. 21 cm Radiation Emission 

The emission of the 21 cm line is governed by the spin temperature, Ts- In 
the presence of the CMB radiation, Ts quickly reaches thermal equilibrium 
with Tcmb and a mechanism is required that decouples the two temperatures. 
While the spin-exchange collisions between hydrogen atoms proceed at a rate 
that is too small for realistic IGM densities, the Lya pumping dominates, by 
mixing the hyperfine levels of neutral hydrogen in its ground state via interme- 
diate transitions to the 2p state. At the epochs of interest, Lya pumping will 
efficiently decouple Ts from Tcmb if Ja > 10“^^ ergs cm~^ s“^ Hz“^ sr~^. 
We find (Ciardi & Madau 2003) that the expected diffuse flux of Lya photons 
should satisfy the above requirement during the ‘grey age’, from redshift ~ 20 
to complete reionization. As the IGM can be easily preheated by primordial 
sources of radiation (e.g. Lya and X-ray heating, Chen & Miralda-Escude 
2003), the universe will be observable in 21 cm emission at a level that is inde- 
pendent of the exact value of Ts- In Ciardi & Madau (2003) we have followed 
the emission related to the reionization histories described above. The main 
results are outlined in the following Section. 

4. Summary 

The main results of these studies can can be summarized as follows. 
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i) Our field region of the universe gets reionized earlier than the proto-cluster, 
although the latter produces a higher number of ionizing photons. This is due 
to the fact that high density gas, which is more common in the proto-cluster, is 
more difficult to ionize and recombines much faster. 

ii) While for the field region the mass and volume averaged ionization frac- 
tions, Xm and Xy respectively, are always comparable, Xm substantially ex- 
ceeds Xy for the proto-cluster, at high redshifts. This is because the high den- 
sity regions surrounding the sources have to be ionized first, before the photons 
can break out into the low density IGM. 

iii) The primordial stellar sources considered in this study give a value of the 
reionization epoch and optical depth consistent with observations, without in- 
voking the presence of additional sources of ionization. 

iv) At epochs when the IGM is still mainly neutral, the simulated early galaxy 
population provides enough Lya photons to decouple T 5 from Tcmb- As in 
the same redshift range the IGM is expected to be ‘warm’, the 21 cm line would 
be seen in emission. 

v) The rms temperature fluctuations relative to the mean, increase with decreas- 
ing angular scale, as variance is larger on smaller scales. The signal peaks at 
an epoch when several high density neutral regions are still present, but Hll 
occupies roughly half of the volume. 

vi) Depending on the redshift of reionization breakthrough, broad-beam ob- 
servations at frequencies < 100 — 150 MHz with the next generation of radio 
telescopes should reveal angular fluctuations in the sky brightness temperature 
in the range 5-20 mK (Icr) on scales < 5 arcmin. 
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Abstract The mood at this conference is summarized in David Hughes’ comment, “this 
decade will be amazing.” We’ve just had a pretty good ten years of advances in 
cosmology and extragalactic astronomy; why should we expect a repeat, another 
decade of comparable or even greater progress? The obvious answer is that there 
still are many more questions than answers in cosmology, and a considerable 
number of the questions will be addressed by research programs planned and 
in progress: we certainly are going to learn new things. But beyond that is 
the fact that there is no practical limit to the hierarchy of interesting topics to 
explore in this subject. I organize my comments on the state of research, and 
the prospects for substantial new developments in the coming decade of multi- 
wavelength cosmology, around the concept of social constructions. 

Keywords: Cosmology and extragalactic astronomy 

Social scientists inform us that the alpha members of a community set the so- 
cial standards and constructions, enforce them by the weight of their authority, 
and see to it that the young members of the community are taught the standards 
so they will be remembered and enforced by the next generation of alphas. You 
have experienced all this in your careers in physical science. There is one mi- 
nor difference - we replace the phrase “social construction” with “working 
hypothesis” - and one big addition - the remarkable fact that some hypotheses 
become so thoroughly checked as to be convincing approximations to reality. 
These comments on the social constructions of cosmology include elements of 
their history, the present state of the promotions from constructions to estab- 
lished facts, and the prospects for continued additions to our understanding of 
the real world. 

In their book. The Classical Theory of Fields, Landau and Lifshitz offer a very 
sensible caution about the assumption that the universe is close to homoge- 
neous and isotropic on the scale of the Hubble length. When this book was 
published, in the 1940s, the evidence for homogeneity was sparse at best: this 
was a social construction. Now the observational tests are tight and believable. 
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Einstein was led to the picture of homogeneity by his reading of Mach’s princi- 
ple: he felt there had to be matter everywhere to fix inertial motion everywhere. 
This argument from a philosophical concept led Einstein to an aspect of reality. 
It is a mystery whether Einstein found the right picture for the right reason. 
Landau and Lifshitz assume without discussion that general relativity theory 
applies on the scales of cosmology, which is fair enough in a survey of theo- 
retical physics. But at the time - the first revision of the Russian edition was 
published in 1948 - there was just one precision test of the theory, the pre- 
cession of the perihelion of Mercury, and hints of two others, the gravitational 
redshift and deflection of light. It certainly made sense to consider the appli- 
cation of the theory to cosmology, but not to trust it. 

The searching probes of gravity physics from the tests that commenced in the 
1960s give convincing evidence that general relativity theory is a good approx- 
imation on length scales ranging from the laboratory to the size of the Solar 
System, let us say to 10^^ cm. The Hubble length, cH~^ ~ 10^^ cm, is fifteen 
orders of magnitude larger. This spectacular extrapolation is a social construc- 
tion, until checked, which is the purpose of the cosmological tests. 

The results certainly look promising. An example is the broad concordance of 
evidence that the matter density parameter is in the range 0.15 ^ Ylm ~ 0.3, 
from analyses of galaxy peculiar velocities, gravitational lensing measure- 
ments, the SNela redshift-magnitude relation, the cluster baryon mass fraction, 
the galaxy two-point correlation function, the cluster mass function and evolu- 
tion, and the ratio Hoto of stellar evolution and expansion time scales. A recent 
addition to the list comes from the wonderfully successful comparison of the 
theory and measurements of the anisotropy of the 3K thermal background ra- 
diation. This is a demanding test of the gravity theory, which has to describe 
the propagation of irregularities in the radiation distribution through strongly 
curved spacetime during the expansion factor Zdec ~ 1000 since the last sub- 
stantial interaction of matter and radiation, from initial conditions that have to 
agree with what grew into the structures observed in the distribution of gas at 
z ~ 3 - in the Lymana forest - and in the present distribution of galaxies. This 
has given a new check on Vim, from the apparent detection of a contribution to 
the temperature anisotropy from the matter distribution at modest redshifts, an 
effect demanded by the theory if Vim is significantly below unity. 

Each of these measures of the mean mass density is subject to the hazards 
of interpretation in astronomy. But it is hard to see how systematic errors 
could affect the many entries in this list all in the same way. Each measure 
depends on the assumed physics of gravity and the dark sector, which we are 
supposed to be testing. The test is the consistency: if we were using the wrong 
physics the broad concordance would be unlikely. The important thing from 
the point of view of the cosmological tests is not the value of Vim but rather 
the convergence of evidence that the estimates of this number are not seriously 
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confused by systematic errors in the observations or by flaws in the underlying 
theory: we have a good approximation to one aspect of the real world. Physical 
science can’t explain why reality is a meaningful concept, but we can produce 
examples of approximations to it. This now includes the measurement of Clm. 
The evidence that the physics of the standard Friedmann-Lema^tre CDM cos- 
mology is on the right track is a considerable advance, but incomplete. An 
assignment for this decade is to put the tests of gravity physics applied to cos- 
mology on a systematic basis, in analogy with the program of tests of general 
relativity on the scale of the Solar System and smaller, though one would of 
course have to replace the parametrized framework of that program with a 
framework - maybe parametrized - that is adapted to what is relevant to cos- 
mology. 

The cosmological principle and general relativity theory are examples of deep 
advances in physical science that grew out of concepts of philosophy and el- 
egance, which is why we pay attention to such ideas. The lesson is slippery, 
of course, because our ideas of what is elegant are adaptable. If the cosmo- 
logical tests had favored the Steady State cosmological model we would be 
celebrating the perceptive foresight of a different group of alphas. And recall 
the history of opinions of Einstein’s cosmological constant, A. Einstein came 
to quite dislike it. Pauli agreed. And Eandau and Eifshitz (in the 1951 English 
translation by M. Hammermesh) asserted that “it has finally become clear that 
there is no basis whatsoever” for the introduction of this term. Others at the 
time paid no attention to this impressive list of alphas, and they seem to have 
been on the right track: now there is serious evidence for the detection of A - 
or a term in the stress-energy tensor that acts like it. 

Although most of us would agree that the universe could have done without A, 
the dark sector of the ACDM cosmology is strikingly simple: the dark energy 
density is close to constant and the dark matter collects in nearly smooth halos 
by the gravitational growth of small Gaussian departures from a homogeneous 
primeval dark matter distribution. This picture for the dark matter was intro- 
duced two decades ago, and for some years was one of a half dozen viable 
models for galaxy formation. We had useful analytic solutions for explosion 
models, but serious challenges in an analysis of the physics of a real cosmic ex- 
plosion. A reliable analysis of the behavior of cosmic strings or monopoles or 
textures is even more difficult. The CDM model is easy: structure is dominated 
by particles that move on geodesics, which are readily simulated in numerical 
computations, and there is the added advantage that structure forms later than 
in isocurvature variants, so an interesting numerical simulation need not deal 
with a large expansion factor. Simplicity recommended the CDM model. Now 
we have substantial observational evidence that it is a useful approximation to 
what actually happened. 
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Is the CDM model complete? One line of thought is that since the dark mat- 
ter consists of the particles that happen to interact too weakly to be readily 
observable the dark matter is of course well described as a gas of weakly inter- 
acting particles. Another is that the real world seldom is that simple, but that 
it makes sense to start with the simplest working hypothesis we can get away 
with, which we will plan to use as a basis for the search for a better approxi- 
mation, which might in turn lead to a still more complete theory. This is how 
the physics of the visible sector was discovered. 

The search for ideas about how the CDM model might be made more com- 
plete - if that is required - can be compared to what was happening in the 
1930s when Fermi, Yukawa, and others were trying out ideas of how elemen- 
tary particles interact. Ideas then and now may be represented by Lagrangian 
densities with forms like 

^ [*^a7 • d'^a - ya{(f> ~ 0a)^a'0a] • 

a 

Yukawa’s scalar field {(f) in this equation) is complex - charged - in order to 
couple neutrons and protons. Data were sparse in the 1930s, but Yukawa did 
know that a reasonable interaction length for nuclear physics - comparable 
to the size of an atomic nucleus - would follow from the potential V {(/)) = 
/i^^^/2, where the meson mass /r is about 200 times that of an electron. The 
standard model for particle physics follows Yukawa, with considerable elabo- 
rations. The search for models for the dark sector is at an even simpler level 
than Yukawa. In the above Lagrangian the scalar field (f> is real, so fhe Yukawa 
inferacfion ya(</> — 4>a)'^a'4’a just changes the momenta of dark matter parti- 
cles (represented by the spin- 1/2 field operafor V’a for the family, where ya 
and 4>a are real consfanfs). If fhe pofenfial V ((/>) in fhe dark sector is close fo 
Yukawa’s form, and y, is relafively large, fhis is a model for fhe self-inferacling 
cold dark mailer piclure. If V varies only slowly wilh cj) fhe family behaves 
as parlicles wilh variable mass, rua = ya{4> ~ (t^a), and fhe gradienl of fhe mass 
is a fiflh force - a long-range inverse square force of allraclion of dark mai- 
ler parlicles lhal adds to Ihe gravilalional allraclion. This physics Iraces back 
to Nordslrem’s (1912) scalar field model for gravity in Minkowski spacelime, 
from Ihere to Ihe scalar-lensor gravity Iheories lhal were much discussed in Ihe 
1950s and 1960s, and from Ihere to Ihe presenl-day ideas of dilalon fields lhal 
would have observable effecls - variable parameters - in Ihe visible sector, and 
maybe a considerably slronger fifth force in Ihe dark sector. A potential energy 
density V {(/)) lhat varies slowly wilh cj) also appears in a popular model for Ihe 
dark energy or quintessence. The pedigree is impressive, and il suggesls many 
scenarios for physics in Ihe dark sector even wilhoul elaborations comparable 
to whal happened to Ihe model for particle physics after Fermi and Yukawa. 
To be seen is whelher il mighl lead us to a model lhal can remedy apparenl 
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anomalies - some of which are mentioned below - in the standard ACDM 
cosmology. 

If the present standard cosmology really differs from reality enough to matter 
it will appear in anomalies. But there is a problem, that we cannot in prac- 
tice unambiguously connect given physics and initial conditions to the details 
of cosmic structure that are revealed in the observations. How do we decide 
whether apparent anomalies are only the result of the difficulty of modeling 
the physics, or whether real failures of the theory have been obscured by the 
modeling? We ned a new generation of tests of reliability of the hypotheses 
that are used to model the connection between the theory and observations. 
The situation is similar to condensed matter physics, where complexity also 
drives model building, but very different in the sense that we have excellent 
reason to trust the underlying physics of condensed matter. We will gain confi- 
dence in fhe physics of fhe dark secfor by fhe accumulafion of fesfs, including 
fhe examinafion of alfernafives fo CDM. This is anofher assignmenf for mulfi- 
wavelengfh cosmology. 

Two apparenf anomalies fhaf fascinale me have fo do wifh fhe cosmic web and 
fhe galaxy merger rate. The cosmic web is a striking visual feature of numeri- 
cal simulations of the CDM model, and the web does predict the observed walls 
of galaxies. But in maps of halo distributions in the simulations I see chains of 
dwarfs running into the voids between the concentrations of the more massive 
halos, which I don’t see in maps of the real galaxy distribution. Maybe this 
is a result of the complexity of modeling the connection between theory and 
observations, exploration of which is part of the research assignment. For now 
I’m counting the cosmic web of galaxies as a social construction. 

I hasten to emphasize that I am deeply impressed by the successful account the 
cosmic web of gas offers for the statistical measures of the Lymana forest. On 
the other hand, I wish I felt better about the apparent lack of disturbance by 
whatever added heavy elements to the hydrogen in the Lymana forest clouds. 
Another apparent anomaly is the rate of merging of closely bound galaxies. 
A pair of galaxies separated by a few half-light radii is routinely labeled a 
merging system, whether at high redshift or low, whether in a group or a rich 
cluster of galaxies. There is a good reason - simulations and analytic estimates 
predict the pair will merge in a few crossing times - but is it more than a social 
construction? The theoretical argument is sound, but only if we have the right 
physical model for the dark matter, as a nearly collisionless gas, which is not 
yet something we know. On the observational side, it is often said that the 
merger remnant of a compact group of spirals is an elliptical, but I also hear 
that the pattern of element abundances in the progenitors - typically late types 
- does not look like a promising match to the abundances in a typical early-type 
galaxy. Also puzzling is the effect of mergers on the shape of the low order 
galaxy correlation functions. The two-point function is a good approximation 
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to a power law from 10 Mpc separation down to separations of a few half-light 
radii. Standard estimates of the cosmic merger rate assume close pairs merge 
in a few orbit times. If so, what preserves the power law form? 

Again, I have to qualify these remarks. There is good evidence of mergers 
at low redshift: we see a clear example in the Centaurus group, where the 
big elliptical clearly has recently merged with a dusty galaxy, and there are 
several other classical examples of galaxies that surely are observed in the act 
of merging. But these spectacular systems do not seem to be all that common: 
the familiar examples are repeatedly cited. The assignment is to show whether 
the number of merging galaxies at low redshift really is consistent with the 
theoretical prediction that galaxies closer than a few half-light radii merge on 
time scales small compared to the Hubble time. 

We might consider also that we have to live with quite a few coincidences 
within the standard ACDM Friedmann-Lema^tre cosmology. Heavily adver- 
tised nowadays is the coincidence that we flourish just as the universe is making 
the transition from matter-dominated expansion to an approximation to the de 
Sitter solution. Maybe related to this is the observation that we flourish just 
as the Milky Way is running out of gas for the formation of new generations 
of planetary systems like our own, along with the rapid collapse of the global 
star formation rate density since redshift z = 1. Less widely discussed these 
days is the possible relation to Dirac’s large numbers coincidence: the ratio of 
the present Hubble length to the classical electron radius is close to another 
enormous number, the ratio of the electric and gravitational forces between a 
proton and electron. Another timing coincidence I suppose is unrelated, but 
also curious, is that in the standard cosmology optically selected galaxies have 
just now become good mass tracers: the theory seems to predict strong biasing 
at redshift z = 1. In the standard cosmology the mass of a large galaxy is 
dominated by dark matter in the outer parts, and by stars near the center. The 
conspiracy is that the distributions of these two components produce a net mass 
density run that shows no feature at the transition from high to low mass-to- 
light ratio. And finally, the ACDM cosmology predicts separation-dependent 
bias of light as a tracer of mass: the ratio of the mass autocorrelation function 
to the two-point correlation function of optically selected galaxies is a function 
of separation. But it is curious that the galaxies seem to give the better approx- 
imations to power law forms for the low order correlation functions deep in the 
nonlinear clustering limit, rather than the mass that is supposed to control the 
dynamics. 

It is reasonable to expect that some of these curiosities are nothing more than 
accidents, and some will be seen not to be curious at all when we have a really 
good understanding of the theory and its relation to the observations. But it is 
sensible to be aware of the possibility that some are clues to improvements in 
the physics. 
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What might come from continued multi-wavelength research on such chal- 
lenges to cosmology? I expect the paradigms will continue to rest on the rela- 
tivistic Friedmann-Lema^tre model, or some good approximation to it, because 
general relativity theory has passed quite demanding checks on the scales of 
cosmology. But we owe it to our subject to turn these scattered checks into a 
systematic survey of the constraints on the physics of spacetime and gravity. 

I do not expect a paradigm shift back to the Einstein-de Sitter model: the lines 
of evidence for low Clm are impressively well checked by many independent 
applications of the theory that depend on quite different elements of the as- 
tronomy. The evidence of detection of the cosmological constant is serious, 
too, but not as well checked as Clm- The A term has been debated for more 
than eight decades; we can wait a few more years before deciding whether it 
deserves a place in the list of convincingly established results. 

In the next ten years multi-wavelength observations, including (in the words of 
a participant) “millimeter, submillimeter and FIR observations with the imag- 
ing fidelity currently enjoyed by X-ray, optical, IR and radio astronomers" will 
produce an enormous increase in our knowledge of cosmic structure, and that 
is going to drive the development of exceedingly detailed models to relate the 
theory to the observations. The theory of choice will continue to be ACDM, 
unless or until the observations drive us to something better. While waiting 
to see whether that happens a assignment for model builders is to develop a 
convincing case for how far they have gone beyond curve fitting. 

After a major advance in a physical science, such as we have seen in the 
past decade in cosmology, there is the tendency to ask whether the subject 
has now reached completion, requiring only the “addition of decimal places.” 
You don’t hear this talk among astronomers, and I wouldn’t expect it to be 
on astronomers’ minds in the coming decades, because there is no practical 
limit to the layers of detail one may study about things like the populations 
of stars, planetary systems, and civilizations that are communicating by radio 
broadcasts in the Milky Way, in the Magellanic clouds, and on out. We have 
good reason to expect the first decade of the 21®* century will be remembered 
as a golden time for cosmology, but we can be sure there will be room for 
productive applications of multi-wavelength cosmology for decades to come. 
My overall conclusion is that you should pay attention to the alphas - their 
concepts of simplicity and elegance really have led to deep advances in our 
understanding of the material world - but then go make the measurements - 
the alphas have feet of clay like everyone else. 



I am grateful to Manolis Plionis for inspiration, David Hogg and David Hughes 
for advice, and the USA National Science Foundation for financial support for 
this essay. 
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Abstract The contribution of the ancient Ionian Philosophers and particularly of Aristarchus 

of Samos to the astronomical-cosmological science is described with the purpose 
of restoring the historical truth concerning this contribution. 



1. Introduction 

It is a pleasure to express, from this position also, my sincere thanks to the In- 
stitute of Astronomy and Astrophysics of the National Observatory of Athens, 
in the name of its Director Professor C.Goudis, and mainly to Dr Plionis, the 
heart of this meeting, for their kind invitation to talk during it and for their re- 
ally warm hospitality. I accepted the invitation, because it is my belief that, in 
an international cosmological meeting like this one, reference should be made 
to the founders of the astronomical-cosmological knowledge and science, so 
that their essential contribution to them be officially recognized and subse- 
quently forwarded both in the interior of our country and abroad. I shall kindly 
ask you to permit to start this lecture with an introduction of rather personal 
nature. Let me tell you from the very beginning that, from a scientific poinf 
of view, I consider myself as belonging fo fhe broad area of relafivify, cosmol- 
ogy and asfrophysics; by no means I consider myself a hisforian of science. 
The reason of my inferesf fo fhe ancienf Greek philosophers musf be affribuled 
fo fhe work and sensitive leaching of fhe wise, I could say, teachers, I was 
lucky fo have during my elemenlary and high-school sludies. In facl Ihey for- 
mulated my inferesf in Ibis specific subjecf and fo names like e.g. Arislolle, 
Pylhagoras, Arislarchus, Eraloslhenes el al. Wilh Ihis interest at hand, later 
in 1973, namely, thirty years ago, while attending, as a fresh Ph.D. holder of 
the University of Thessaloniki, the works of the Extraordinary General As- 
sembly of the International Astronomical Union in Warsaw, Poland, I, from 
my point of view, was really surprised, realizing that the meeting was devoted 
to the otherwise great Polish astronomer Nicolaus Copernicus as the founder 
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of Astronomy, with, however, no reference at all (as far as I can recall after 
so many years) being made to Aristarchus of Samos, something that a young 
Greek astronomer like me would then naturally expect. That was the first time 
to realize that abroad the contribution of the ancient Greek philosophers to at 
least the astronomical science was neither accepted unquestionably nor even 
acknowledged. Thus, a few years later, begun more systematically my interest 
to the contribution of the ancient Greek philosophers, rather amateur, however, 
and, in any case, parallel to my main scientific research interests (astrophysics, 
relativity, cosmology). By the beginning of the 80s, the Vice-Rector of the 
University of Thessaloniki, who happened to be also the President of the Greek 
Mathematical Society, asked me to write an essay on Aristarchus of Samos on 
the occasion of the 2.3 millennia since his birth, which was published in the 
official journal of the Greek Mathematical Society for the high-school pupils. 
The first reaction of the pupils and their teachers to the content of the essay 
revealed generally ignorance of but also interest in the specific subject. In this 
way, I realized that, also in the interior of my country and especially to the 
young people, the contribution of the ancient Greek philosophers to at least 
the astronomical science was not known. The above two facts, namely, the 
1973 lAU Extraordinary General Assembly and the ignorance and interest of 
the high-school pupils and teachers were decisive to me. Since then, the Uni- 
versity lecturing revealed, among others, the interest of the students also in the 
contribution of the ancient Greek philosophers, the necessity for the as widely 
as possible informing on it of both the scientist and the layman , and, finally, of 
course, the need for collecting further details on this contribution. Now, after 
so many years, armoured with all this experience, I can say, quite objectively, 
that he organizers of this meeting correctly decided to include in the program 
also an open lecture of this kind. The structure of the lecture is as follows: In 
the next Section 2 I refer briefly to the astronomical knowledge of the ancients, 
and in Section 3 I refer briefly to the importance of their contribution to the 
astronomical-cosmological science. In Section 4 the contribution of especially 
Aristarchus of Samos is described, and in the final Section I make an effort to 
restore the historical truth on the contribution of Aristarchus of Samos. For 
those interested in the subject some indicative international literature is given 
at the end. 

2. Astronomical Knowledge of the Ancients 

It is true that we seldom see up-wards in the night sky. Some of us, being so 
"busy" with every-day life and all its problems or due to the light pollution, per- 
haps will never look at the skies with the intention of a scientific -philosophical 
meditation and the need of an analogous questioning. In the pre-industrial pe- 
riod, however, the night sky was something very important, in the sense that. 
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for example, the shepherd, by simply looking at the position of some constel- 
lations, could know when the sunrise happens. A few thousands years ago, 
people did not have the basic knowledge that e.g. the Earth is not flat. They 
did not know that the clouds in the sky were formed by the evaporation of 
the water on the surface of the Earth. They did not know the various chem- 
ical and biological processes occurring in the plants and the animals. They 
knew nothing about the transistors, the microchips, or the nuclear energy. Of 
course, beyond the forests, the mountains, the oceans, the flowers, the animals, 
they watched the Sun, the Moon in the night sky, but they didn’t know that 
the bright points in the night sky were stars like the Sun. Therefore, it was 
quite natural to them to respect and feel fear for the unknown. It was natu- 
ral to feel fear for e.g. the fire, because the fire was hot and caused pain and, 
occasionally, catastrophes, and also because it moved up-wards from the in- 
terior of the Earth, while everything else was moving down-wards. Some of 
the ancient Greeks believed that the flat Earth was covered by a semispheri- 
cal sky. Over that semispherical shield, there were hundreds of small holes, 
through which an external fire could be seen. This was their explanation for 
the stars. People, therefore, quite naturally, adored the fire and the stars as 
gods. In most of the human civilizations, the powerful beings of the sky were 
promoted to gods, and to each one of them there were given names, and rel- 
atives, and special responsibilities for the cosmic services they were expected 
to perform. Eor every human concern there was a god or a goddess. Noth- 
ing could happen without the direct intervention of gods, only through which 
Nature could function. If the gods were happy, there was plenty of food, and 
humans were happy. But, if something displeased gods, and this could happen 
quite easily, the consequences were awesome, like floods, droughts, storms, 
wars, earthquakes, volcanoes, epidemics. So the gods had to be propitiated, to 
be made less angry, and this was the work of the numerous priests and oracles. 
Since the gods were capricious, nobody could be sure about their intentions, 
about what they would do. Nature was a mystery, and so the understanding 
of the world was very hard. In the origins of every civilization there are many 
metaphors concerning what the ancients talked about the heavens, how they 
identified everything they observed in it, and how they watched it from night 
to night and from year to year. 1 shall give you three typical examples about 
the very elegant ideas and legends for the stars and the Milky Way, which, in 
one form or another, seem to be common in various human civilizations. The 
Kung Bushmen of the Kalahari Desert in Botsuana have an explanation for the 
Milky Way, which in their latitude is often overhead. They call it the back- 
bone of night, as if the sky were some great beast inside which we live. Their 
explanation makes the Milky Way useful as well understandable. The Kung 
believe that the Milky Way holds up the night; that, if it were not for the Milky 
Way, fragments of darkness would come crashing down at our feet. Isn’t it a 
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really elegant idea?. On the island of Samos in the Aegean Sea, very close to 
Mykonos, there are the remains of the Heraion, one of the wonders of the an- 
cient world. This is a great temple dedicated to Hera, the goddess of the skies. 
Hera was the patron deity of Samos, playing the same role in Samos, as Athena 
did in Athens. She married Zeus, the chief of the Olympian gods, and they hon- 
eymooned on Samos. The ancient Greek religion explained the diffuse band 
of light in the night sky as the milk of Hera, squirted from her breast across 
the heavens. This legend is the origin of the phrase Westerners still use, the 
Milky Way. Perhaps, it originally represented the important insight that the sky 
nurtures the Earth; if so, that meaning seems to have been forgotten millennia 
ago. Finally, it is extremely interesting to examine the position and effect of the 
star called Sirius on the scientific, agricultural, and religious life of the ancient 
Egyptians. Around 2000 B.C., the Egyptians worshipped Sirius: In the eastern 
horizon, Sirius rises up just before the Sunrise, a little before the beginning of 
the period of floods caused by the river Nile. Therefore, this specific rise of 
Sirius was marking the beginning the whole of the agriculture cycle of Egypt, 
with all its positive and negative consequences; on the one hand, enrichment 
of the fields with the river’s mud during the floods, and, hence, rich produce 
and prosperity, and on the other hand, deaths and catastrophes caused by the 
river’s overflows. So, quite naturally, the purely astronomical phenomenon of 
the rising up of the star Sirius, but also the star Sirius itself, were gradually 
acquired, or, preferably, given divine properties and capabilities. It is interest- 
ing that, in this way, the religious origin of Astronomy can be explained. It is 
necessary, however, to emphatically recall that the dead, useless and scientifi- 
cally unfounded relic of that first form of Astronomy is Astrology; and as such 
Astrology must be treated and confronted. 

3. Ancient Ionian Philosophers, Astronomy, and 
Heliocentric Theory 

The simple watching, by the primitive observer on Earth, of the skies and all 
their impressive phenomena started its first evolutionary steps towards science 
through the observation of two fundamental phenomena. These are the diurnal 
rotation of the celestial sphere, due to the axial rotation of the Earth in twenty 
four hours, and the orbital motion of the Earth around the Sun in one year. For 
centuries, man struggled to understand and explain how these two phenomena 
were taking place. More precisely, whether they are due to the rotation of all 
the stars around the standing Earth, or they are due to the axial rotation of the 
Earth about its axis, as the Earth moves around the standing center of the cos- 
mos, the Sun. As a result, two conflicting schools of thought arose, namely, 
the geocentric view of the world and the heliocentric view of the world, the 
first of which was the generally accepted and, hence, the dominant one. The 
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faith to the correctness and validity of the geocentric model of the world was 
powerful, it had a purely religious origin, and it was based on two unshaken 
beliefs. The first belief was that the Earth was the home of the gods, and so 
it is the immovable center of the world, so that the tranquility and stillness of 
the gods never be disturbed. The second belief was that the celestial objects 
move around us (the Earth) in absolutely circular orbits, namely, perfect or- 
bits. The conclusion about the geocentric view of the cosmos (not valid, not 
acceptable today, of course) was aesthetically extremely simple (namely, only 
circular orbits around us), and, for this reason, it was also scientifically easily 
accepfable (namely, simple physical laws). However, the proponents of both 
the geocentric and the heliocentric models did not have the necessary proofs 
for supporting the truth of their cosmic view. In fact, in both cases, the same 
known phenomena were used, and this contributed to the continuation of the 
conflict. The need of finding firm proofs intensified and reinforced the neces- 
sity of observing the celestial phenomena. This continuous observation of the 
sky had some very useful consequences of interest in the every-day life. These 
are the invention of many instruments (like e.g. the astrolab, the gnomon, the 
sundial, the celestial sphere, the Antikythera mechanism). Also the develop- 
ment of many new professions (e.g. the clock-maker, the engraver), and also 
of many methods for the measurement of time, for use in agriculture, in the 
determination of basic chronometric units, in the use of the constellations in 
navigation, in the invention of various systems of spherical coordinates et c. 
So the ancient Greeks considered that the celestial Universe existed in order 
to serve them. Today, all the above mechanisms are considered as the fore- 
runner of modern watches and computational machines. It is true that for the 
construction of such complex instruments, a very advanced geometrical sense 
of ancient Greeks is required. Therefore, beyond the knowledge of practical 
geometry (which characterizes also other near-river civilizations), some very 
delicate notions and ideas are necessary, which, in the framework of Euclidean 
geometry, were given the form of existence theorems, and led to high technol- 
ogy, characterized by high mentality, abstract scientific thought, and mathe- 
matical skill. It must be stressed that, in contrast to the above, the study of the 
skies by the eastern, prehistoric people has been limited to simply the chrono- 
graphic accumulation of data and knowledge related to occasionally important 
celestial phenomena. But, since the appearance of the Greek philosophers in 
ancient Ionia, here, about 2.5 millennia ago, the search of the heavens changes 
form, it acquires an explicit scientific characfer, and fhe scientific revolution re- 
places fhe myfhological explanafion of fhe celestial phenomena. Whaf exacfly 
was fhis revolufion? Creation of fhe World ouf of Chaos. A Universe emerging 
ouf of chaos was in complefe agreemenf wifh fhe failh of fhe ancienf Greeks fo 
a non-predicfable Nafure governed by capricious and perverse gods and god- 
desses. Buf, in fhe 6fh cenfury B.C., in Ionia fhe new concepf developed, ac- 
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cording to which the Universe is comprehensible, because it has internal order, 
because in Nature there are regularities permitting its secrets and functioning 
to be uncovered. It is exactly this order and miraculous character and nature of 
the Universe that were given by the ancients the name Cosmos, namely, beauty 
(ornament). It is remarkable that the revolution occurred in Ionia and not in one 
of the large cities of India, Babylonia, China or Mesoamerica. This, actually, 
is not a question of simply academic interest, because we all know the various 
important contributions of the ancient civilizations. For example, the contri- 
bution of the ancient Egyptians to Astronomy and Mathematics, of the ancient 
Babylonians to the compilation and forming of catalogues, or of the Arabs 
to Mathematics (as, of course, of the ancient Greeks to physics, geometry, 
medicine, zoology, and botany). Also the Chinese, which had an astronomical 
tradition of millennia, contributed to the understanding of magnetism and seis- 
mology, and invented the paper and printing technique, the rockets, the clocks, 
the porcelain, and the open-sea navy. However, according to some histori- 
ans, China was a strictly traditional society, reluctant and unprepared to accept 
novelties. But also the very rich and mathematically charismatic civilization 
of India was captured by the idea of an infinite, ancient universe, condemned 
to an eternal eycle of deaths and recreations, and in which (universe) nothing 
new can happen. Analogous arguments hold for the Aztec and Mayas societies, 
which could not make mechanical inventions, since they could not invent even 
the wheel. In contradiction to the above, Ionia had many advantages. In the 
first place, this geographic region consisted of many islands. Isolation, even 
if imperfect, results in diversity. Due to its large number of islands, Ionia was 
characterized by a multitude of political systems. There was no force capable 
of imposing social and spiritual uniformity to all these islands. As a conse- 
quence, the free search and quest of truth was possible, so that the acceptance 
and promotion of prejudices could not be considered as political necessity. Un- 
likely other people, lonians were located at the crossroads of civilizations, not 
at the center of one civilization. The Phoenician alphabet was adopted by the 
Greeks for the first time in Ionia, and in this way the wide spreading of ed- 
ucation and culture became possible. So, the writing was not a privilege of 
only the priests and scribers. Thoughts and ideas originated in many different 
places were available for discussion, commenting, debating, and dispute (ex- 
actly as it happens in a meeting like this one). On the other hand, the political 
force was in the hands of merchants, who effectively promoted the technology 
necessary for the success of their plans and purposes. It was exactly in Eastern 
Mediterranean, where the great civilizations of Egypt and Mesopotamia, but 
also of Africa, Asia and Egypt met and influenced each ofher in fhe form of 
fhe infense and direcf confronlalion of prejudices, languages, ideas and gods. 
If was in fhis way fhaf fhe greaf idea arose, (namely, fhe realizafion of fhe fad 
fhaf fhe knowledge of fhe cosmos is possible wifhouf fhe a priori accepfance 
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of the existence of gods), and that there must exist principles, forces, physical 
laws that can be understood without e.g. the necessity of the direct interven- 
tion of Zeus for explaining the flight of a bird. Ionia, therefore, was the place, 
where science was born, and where between 600 B.C and 400 B.C. the great 
revolution to the thinking occurred. The lonians rejected prejudice and so did 
miracles. Generally, it can be argued that the key to the revolution was the 
hand, namely, the handicraft work, the experiment, the observation. Some of 
the brilliant Ionian thinkers were children of sailors, farmers, weavers used to 
do handicraft work, in contrast to the priests and scribers of other nations, who 
were grown up in luxury and were reluctant to dirty their hands. 

4. The Contribution of the Ionian Philosophers 

It is not possible to enumerate all the Greek philosophers and their contribution. 
However, at least the names should be mentioned of the great scientists and 
philosophers from Thales to Democritus ( in chronological order, Anaximan- 
der, Pythagoras, Anaxagoras, Empedocles, Hippocrates', all of them during the 
period 650-350 B.C.) and those nftex Aristotle s (namely, Euclides, Aristarchus, 
Eratosthenes, Hipparchus, Ptolemy, Hypatia', all of them during the period 300 
B.C. -450 A.D.). From all of them I shall refer only to three, whose contribution 
appears to be closely related to the objectives of the present meeting. Thus the 
philosopher Anaxagoras ( 450 B.C.) from the city of Klazomenai, was called 
Nous (Mind), and was a rich, experimentalist scientist, indifferent to riches, 
but with a passion for science. When he was asked about the purpose of his 
life, he answered: The search of the Sun, the Moon, and the Heavens, exactly 
as a real astronomer would answer. Anaxagoras believed (this was a purely 
Ionian idea) that man is intellectually superior compared to the rest of the an- 
imals, because man has hands. He was the first one to declare explicitly that 
the Moon shines due to the reflection on it of the light of the Sun, and, as a 
consequence, he proposed a theory about the phases of the Moon. Also he 
considered that the Sun and the Moon were not deities, but, instead, fireballs. 
The heating from the stars is not perceived, because of their large distances 
from the Earth. Also the Moon has mountains, and the Sun is huge, probably 
much larger than Peloponnese’s (!!!). Because of his ideas he was accused 
for impiety as introducing new evil spirits, and he died in exile (428 B.C.). 
Eratosthenes, on the other hand, from Cyreneia, belonged to the School of 
Alexandria, and contributed substantially to realizing in the 3rd century B.C. 
that the flat Earth is in reality a small spherical world. Eratosthenes has been a 
director of the great Library of Alexandria. There he read on a papyrus that on 
the noon of the 21st of June (summer solstice) at the southern limits of the city 
Syene (contemporary Assuan), close to the first waterfall of the river Nile, ver- 
tical columns do not cast shadow at all, and the Sun is reflected exactly from 
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the bottom of a well (namely, it coincides with the Zenith cardinal point up- 
wards). As a scientist he wondered, whether the same happens also in another 
city like e.g. Alexandria. He realized that this does not really happen, and 
that analogous vertical columns in Alexandria do cast shadow at that moment. 
But, if the surface of the Earth was flat, then the vertical columns in the two 
cities would be parallel to each other, and they should cast shadows and the 
lengths of their shadows should be equal. But since none of these is true, what 
can happen? Eratosthenes gave the answer himself, arguing that the surface of 
the Earth is not flat but spherical. This is a conclusion of really fundamental 
importance that, additionally, enabled Eratosthenes to calculate the radius and 
the length of the equatorial perimeter of the Earth. Actually, from the length of 
the shadow the difference of the geographical latitudes of the two places can be 
evaluated (approximately seven degrees). The distance between the two cities 
(being on the same meridian circle), about 800 km, was known to Eratosthenes 
from stories told by pacers ( it is said that Eratosthenes hired pacers in order 
to measure the distance). So the length of the Earth’s perimeter was calculated 
to be about 40.000 km. This is the correct answer, and Eratosthenes gave this 
answer using as tools only vertical columns, eyes, hands, and feet, and a mind 
characterized by simplicity of thought, ability of invention, and a feeling of ex- 
periment. The error in the calculation of Eratosthenes was only 2%, a really re- 
markable achievement 2.5 millennia ago. Therefore, Eratosthenes was the first 
man to measure the dimensions of the planet Earth, and, for this reason, he is 
considered as the inventor of mathematical geography. In essence, the method 
of Eratosthenes is used by the current geodets, who recognize Eratosthenes as 
the father of geodesy. Einally, Aristarchus, an astronomer, mathematician, and 
geometer of the School of Alexandria, was born in Samos, very close, to the 
east of Myconos, and lived in the beginning of the 3rd century B.C. (3 10-230 
B.C.). Aristarchus was the introducer, crier, and supporter of the radical in his 
time heliocentric theory. In describing the differences between this theory and 
the generally accepted geocentric theory, we must take into account that the 
observed ( from the Earth ) motions of the planets are the consequence of the 
combination of the motions of the planets and of the Earth with respect to the 
Sun. Therefore, with respect to an observer on Earth, the observed (apparent) 
motion of a planet is periodically direct (namely, the planet is seen to move 
in the direction of the Earth’s motion) and then for a while retrograde. Eor 
explaining the apparent motions of the planets, as well as those of the Sun and 
the Moon, the ancients invented the geocentric system of the world (or Ptole- 
maic system, after the name of Claudius Ptolemy). According to the geocentric 
system, the planets move around the Earth following the so- called epicycles. 
More precisely, the planet moves with constant speed around a small circle ( 
the epicycle), whose center moves with constant speed around a larger circle 
( the deferent) centered on the stationary Earth. In this way, the ancients rep- 
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resented the apparent motions of a planet (both direct and retrograde) as the 
result of the simultaneous, uniform motion of the planet on at least two circles. 
This complex and marvellous system constituted the absolutely accepted and 
dominant system of the world’s description. In reality, however the planets 
move (around the Sun) on elliptical orbits, so that the hypothesis of the uni- 
form circular motions was not realistic. The observed differences, known to 
the ancients, remained unexplained. These differences are naturally explained 
as a physical reality, if, according the heliocentric system of Aristarchus, the 
Sun was put where the ancients believed the Earth was. Aristarchus composed 
many scientific works, most of which are lost. Especially his treatise entitled: 
On the dimensions and distances of the Sun and the Moon was based on the 
theoretical structure founded by Euclides and contained eighteen geometrical 
“propositions” and six “hypotheses” . Copies of some parts of the treatise of 
Aristarchus survived to date. This is due to the fact that, since antiquity. Pap- 
pus (3^^^ century A.D.) had included this treatise in a collection of works by 
Appolonius, Archimedes, Autolycus, Euclides et.al. in a volume with the title 
Brief Astronomy, to be distinguished from The Maximal Astronomy (or Large 
Mathematical Syntaxis, known as Almagest) of Claudius Ptolemy. Eive copies 
of this manuscript are found today in the Apostolic Eibrary in Vatican (with 
Codex Vaticanus Graecus No 204), and eight more copies are found in Paris 
(Paris, Gr.2348). The first typed version of the treatise of Aristarchus in Greek 
was edited in 1688 in Oxford by J.Wallis under the title On the Dimensions 
and Distances of the Sun and the Moon: 



APIZTAPXOY lAMlOY flspl Msys9(*>v koi Anoarqfi^TWV HAtou Kai ZsA/jvq^ 
BIBAION PAnnOY AAEEANAPEQl Tou rq^ luvayiOYq^ BIBMQY B’ 

ATTiamtQtia 

On the other hand, the treatise was published in 1913 A.D. as a book entitled 
Aristarchus of Samos -The Ancient Copernicus, with comments by Sir Thomas 
E. Heath. In the manuscript of the treatise, the Sun is not referred to as the 
center of the Solar System. The theory of Aristarchus about the Sun as the 
center of the Solar System was published in another work, which also is lost. 
However, the relative information is witnessed in an indisputable way, by other 
ancient authors. So, Archimedes, in his mathematical treatment Psammites 
writes: 

Apiarapxo^ o umrldsTai yop psv anAavia nov kcu tov 

AAiov fUvtiv aidvqrov, rorv Ss Tav nspi^ipsadai ntpf tov AAiov Kor6 
kOkAov TTspi^pvav, iariv sv plow rut Sp6pu) K^ptvo^. 



Also, Stovaeos, in his work On Physics, writes: 
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Apiarapxo^ rov HA/ov krrqari psr6 rwv anAavtbv. 



Finally, Plutarch, in his work Peri Areskonton tis Filosofois, writes: 

Aplarapxo^ fov HAiov larqai psr(t r(av crrrAoviOv, rqv 5s. r qv Kivsf rrspi 
rov qAta/cdv kOkAov, s(sAfrrsQ9w 5s kot 5 AofoO kOkAou rqvTqv, 6pa 5s 
KOI nspi TDv aurq^ d(bvo 5ivouptvqv koi kot6 rof raor/jf sytcMav^ 
aKi6(sa^i Tov 5laKov. 

The general meaning of the above citations is that Aristarchus made the Sun 
standing among the stars and the Earth moving around the Sun in an ellipti- 
cal orbit causing eclipses of the Sun. These really impressive citations do not 
cast doubt that the paternity of the heliocentric theory belongs to Aristarchus 
of Samos. But Aristarchus is known not only as the introducer of the helio- 
centric theory. Essentially, he is the “father” and founder of Astronomy, based 
on the logical reasoning, not on religious beliefs. He is the inventor of skafion, 
a spherical sundial of special form. With the aid of this sundial, he managed 
to determine the moment of the true noon in a place on Earth (and more gen- 
erally to measure the time during a sunny day); also the geographic latitude 
of a place, the true value of the obliquity of the ecliptic, the daily declination 
of the Sun, and the exact dates of equinoxes and solstices of a specific year 
(281 B.C.). Along with Heraclides the Pontius, he is considered among the 
first, who explained the daily apparent axial rotation of the celestial sphere, 
considered as the result of the daily rotation of the Earth around an axis per- 
pendicular to the Earth’s equatorial plane. Also he explained the succession 
of the seasons, as the result of the inclination of the axis of rotation of the 
Earth with respect to the axis (perpendicular to the plane) of the ecliptic. He is 
the first Greek astronomer, who gave the most accurate value of the apparent 
diameters of the Sun and the Moon. It seems that he had a real sense of the re- 
ally large distances of the stars, one of which, he believed, was the Sun itself. 
Einally, around 288 B.C., Aristarchus succeeded Theophrastus as the leader 
of the Peripatetic School, a post that he retained for eight years. Prom the 
book by Pappus we learn that Aristarchus invented a very remarkable method 
for determining the relative distances of the Sun, Moon, and Earth, as well as 
their relative dimensions. The way of the thinking of Aristarchus was based 
on the exact determination of the moments of the first and the third quarters 
of the phases of the Moon. Prom the difference between these two moments 
he determined the distance of Sun-Earth in units of the radius of the Moon’s 
orbit. The result was twenty times smaller than the exact one, but since then 
it has been used for centuries. The above method of determination constitutes 
a really important contribution to Astronomy, and proves that Aristarchus had 
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the ability of a geometrical viewing of the celestial phenomena. After the de- 
termination of the relative distances of the Sun, Moon, and Earth, Aristarchus 
invented an equally important method for determining the relative dimensions 
of these three bodies. The method was based on the determination, during an 
eclipse of the Moon, of the relative curvature of the shadow of the Earth on 
the Moon’s surface and of the surface of the Moon. Using this result and the 
known (and approximately equal to each other) apparent diameters of the Sun 
and the Moon, Aristarchus determined the diameters of the Sun and the Moon, 
in units of the Earth’s diameter. Most probably, the discovery that the real di- 
ameter of the Sun was twenty times the diameter of the Moon, in conjunction 
with the fact that the distance of the Sun from the Earth was twenty times larger 
than the distance of the Moon from the Earth, led Aristarchus to the conclu- 
sion that the Sun, not the Earth, is the center of the world. The proposition of 
the heliocentric theory reveals that Aristarchus could judge with clearness, and 
also interpret and explain correctly the observed celestial phenomena, without 
being affected by accepted for centuries, although incorrect conceptions and 
doctrines and beliefs of his contemporary scientists. On the other hand, the in- 
vention and use of skafion demonstrates that Aristarchus, could not only give 
successfully theoretical solutions to astronomical problems, but also invent and 
use the appropriate astronomical instruments. In other words, Aristarchus was 
also a skillful observer of the sky. 

5. Restoration of the Historical Truth 

After all the above, the conclusion is that Aristarchus was the first to intro- 
duce the correct and accepted today heliocentric theory, and that he founded 
Astronomy on the logical reasoning. This must be emphasized particularly, be- 
cause part of the international community, astronomical or not astronomical, 
either justified due to ignorance, or even unjustified, does nof share absolutely 
this point of view. Unfortunately for the heliocentric theory, strong supporters 
of the geocentric theory with proponent Pythagoras, also from Samos, were 
scientists of the authority of Aristotle, Hipparchus, Ptolemy and others. As a 
consequence, the revolutionary idea of Aristarchus could not be accepted. It 
fell in oblivion, but it was not forgotten, until the times of Renaissance, when 
two millennia later, in 1543 A.D., it was justified by the famous Polish as- 
tronomer Nicolaus Copernicus. Although Copernicus simply drew up the he- 
liocentric theory from oblivion, repeating in this way the ideas of Aristarchus, 
he, namely, Copernicus is recognized as the introducer of the heliocentric the- 
ory, and the accepted heliocentric system is still named internationally "Coper- 
nican", not "Aristarchian", as it should be (the same is true for the so-called 
Copernican Principle of Cosmology). It must be emphasized that the survival 
of the heliocentric theory against the reaction by its opponents is to attributed 
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much less to Copernicus, and mainly to the convincing arguments for its cor- 
rectness given by Galileo, Kepler, Newton and others. Therefore the question 
arises, whether the work of Copernicus is original and what is its value. In 
order to answer this question responsibly, we must take into account the diffi- 
culties of the times of Copernicus, when the doctrines of Aristotle prevailed, 
and any disagreement with them was not allowed. In this sense, the contribu- 
tion of Copernicus to the revival of the heliocentric theory is significant; but 
it does not suffice for attributing to Copernicus the paternity also of this the- 
ory. It is true that Copernicus was aware of the views of Aristarchus. This is 
verified by an extract of the manuscript of the treatise of Copernicus entitled 
De Revolutionibus Orbium Coelestium, which is still kept in the library of the 
University of Warsaw. In that extract, one can see delineated a paragraph re- 
ferring to the treatise of Aristarchus; but this paragraph, quite strangely, has 
not been included in the printed version of the treatise of Copernicus edited in 
1543A.D. In contemporary Greek, in translation by Professor S.Svolopoulos, 
the content of this paragraph is: 



Av K(a ovoyv(tip/<bpsv 6n i} nopsia rou HAiou kco TsAqvq^ da 
qro snlaq^ 6uvar6v va s^qyqOq fis rqv npoOnddsaiv 6ri q rq dvai 
axfvqro^, roOro sivai oAiytirtpov Suvardv Sia rowf dAAowf nAavqra^. 
Eivai m0av6v 6ri Si’ auroO^ wf koi Si’ dAAowf A6you^, o 0iA6Aao^ 
auvtAafisv rqv iSiav rtjf Kivqasui^ njf rq^ q onoia, dirwf ptpiKof 
Aiyovv, qro trriaq^ yviiipq rou ApujrSpxou rou lapiou koi 6xi Sia royj 
Adyou^, rou^ orroforru^ avaipipti o ApiaroriAq^ koi rou^ arropptrrrv. 
AAA6, a^ou aur6 ra {qrqpara sivai roiourou siSou^, Ssv sivai Suvardv 
va Karavoqdouv rmpd pdvov arrd o^si^ syxs^Aou^ koi Kardmv paxpd^ 
rrpoarraOsia^ koi kot’ sKsivou^ rou; xP*^^ou^ rraptpsvov psra^C rwv 
^lAoad^u/v Kai Ssv qaav oAiyoi SKsivoi, oi orroioi Korsvdqaav rov Adyov 
rq^ Kivqasiof; rtuv aaripuiv, drrui^ pa; rrAqpo^^psi o flAdruivJiAA’ s^ o 
Adyo^ qro yvword; «/; rov iuAdAaov q si^ Kdnoiov ruiv nudayopsiuiv, 
sivai rndavdv va pqv avs^^pOq »; tdu; vsutripou^, SsSopivou dn o/ 
PuBaydpsioi Ssv auvqdi^ov va icaraypd^uv ra (qrqpara rrou rou; 
orrqaxdAouv. 



The fact that the paragraph of the manuscript has not been included in the 
printed version could be characterized by some as plagiarism, while others 
consider that not referring especially to Aristarchus is lack of courage or fear- 
fulness. It is, however, fair to be emphasized that it is not absolutely verified 
fhaf fhe omission of fhe paragraph above musf be affribufed fo Copernicus him- 
self or fo fhe edifor of fhe book, because fhe book was published after (soon, 
however) fhe deafh of Copernicus. If is also remarkable fhaf Copernicus for 
more fhan ten years did nol give his consenf for fhe publication of his frea- 
fise, because he was afraid his condemnation by fhe Roman Cafholic Church. 
Finally, in 1540 A.D., Rheticus, an admirer of Copernicus and Professor of 
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Mathematics at the University of Wittenberg, managed in taking from Coper- 
nicus a copy of his manuscript, and with his consent, he published in Danzig a 
preliminary report on the ideas of Copernicus, under the title Narratio Prima. 
In 1542 A.D. Copernicus sent the preface of his compete manuscript to Rheti- 
cus, dedicating the book to Pope Paul the 3rd, in which he wrote: I understand 
that as soon as some will be informed that in my book 1 attribute some mo- 
tions to the Earth, they will cry that I and my theory must be rejected. Also he 
explained that he had agreed on the edition of his book being encouraged by 
others, and that the reason for publishing the book was the uncertainty in the 
mathematical methods used for the determination of the motions of the celes- 
tial objects. Additionally, he appealed to the Pope for protecting him against 
the accusations of his libellers. Finally, in 1543 A.D., Rheticus, who had close 
relations with an editorial company in Nuremberg, managed in publishing a 
copy of the manuscript of Copernicus under the title De Revolutionibus Or- 
bium Coelestium. It is real, but this monumental work was condemned in 
1616 A.D. by the Roman-Catholic Church of Rome as heretic. The fact that 
Copernicus was very much afraid of the Roman Catholic Church becomes also 
transparent from the published book’s preface written by Andreas Osiander, a 
well-meaning friend of Copernicus. He essentially wrote (I’m paraphrasing). 
Dear reader, when you look at this book, it may appear that the author is say- 
ing that the Earth is not at the center of the universe. Ele doesn ’t really believe 
that. You see, this book is for mathematicians. If you wish to know where 
Jupiter will be two years from next Wednesday, you get an accurate answer by 
assuming that the Sun is at the center. But this is a mere mathematical fiction. 
It does not challenge our holy faith. Please, have no anxiety in reading this 
book. This peculiar split-brain compromise between conventional wisdom and 
new ideas actually lasted for almost two centuries. 

6. Conclusion and Perspectives 

According to all the above, Copernicus is not the introducer but only the ren- 
ovator of the heliocentric theory. The paternity of this theory, exclusively 
and originally, belongs to Aristarchus. One could only argue that the per- 
sonal contribution of Copernicus is mainly that he introduced the geomet- 
ric mechanism of Ptolemy’s geocentric system to the heliocentric system of 
Aristarchus. But it is obvious that the whole effort was in a wrong way, be- 
cause the real difficulty, namely, the faith tat the planets move uniformly on 
circular orbits, could not be overcome. For the restoration and forwarding of 
this truth, it is necessary to inform people, in the broader possible way, on 
the work of Aristarchus and more generally of the ancient Greek astronomers- 
mathematicians-philosophers. This is the purpose of the present lecture. At 
this point I wish to repeat what the late Zdenek Kopal, Professor at the Uni- 
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versity of Manchester, well-known admirer of the ancient Greek civilization 
and warm friend of Greece, wrote: The first and essential steps that led to 
the definite formulation of a correct model of the solar system were made 
by Aristarchus of Samos in the 3rd century B.C. He declared the correct 
path, twenty centuries before this result of research become a permanent 
spiritual achievement of humanity. He lighted the first sparks of the divine 
fire that revealed our real position in space. 

I would like to finish this talk in a slightly different and unexpected way. After 
what has been said, it is commonplace today that the heliocentric system is 
the correct and generally accepted model of the solar system. However, it is 
true that the new scientific ideas and the progress in the understanding of the 
universe always had a large constant of time, namely, a large interval of time 
had to pass, before people realize and accept the reality in nature. Some simple 
examples are the following: 

■ Two millennia ago, Eratosthenes proved and Aristotle accepted, that the 
Earth is spherical, but today we still have organized groups of support- 
ers for the “Elat Earth”. 

■ Aristarchus put the Sun at the center of the Solar System, but it took two 
and a half thousand years for humanity to accept it. 

■ Darwin explained the biological evolution about one hundred and fifty 
years ago, but most people today do not know even what he explained. 

■ Science today proves that the human being is a system of neurons, but it 
will take a long time until something like this will be accepted. 

Today we are all being taught that the Earth is not the center of the universe. 
However, I believe that there are many indications that we all are still concealed 
geocentricists under a heliocentric mantle. Actually we still say: The Sun rises 
or The Sun sets, as if, two and a half millennia after Aristarchus, our tongue 
pretends that the Earth does not move. But I am afraid that this is not sim- 
ply pretence. Still more disappointing is currently the situation concerning our 
curious and subconscious, although unintended, persistence in anthropocentri- 
cism and geocentricism. It’s a pity, but, unfortunately, a large percentage of 
the Earth’s population does not know that the Earth revolves around the Sun 
in one year. Most of the inhabitants of this planet, deep in their hearts, con- 
sider that Earth is the center of the world. If you want a proof of this large 
ignorance of the society on astronomical matters, I can give you the following 
one: Once a Persian philosopher was asked: Which of the Sun and the Moon 
is more useful and important? His answer was: The Moon, of course, because 
during the night, when it is dark, the Moon sends us a little light, while dur- 
ing the daytime, when there is light, who needs the Sun? Is there any more 
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evident proof of scientific ignorance? I can give you a few more, sad, in fact, 
examples of the really disappointing current level of the knowledge of even 
educated people, and of our persistence in the centrality of our position in the 
Universe: When about ten years ago the twenty four fragments of the comet 
Shoemaker-Levy (which had been assigned as a, b ,c,7 etc.) were bombard- 
ing the planet Jupiter , the reader of a scientific journal wrofe fo fhe edifor: I 
can understand everything, everything, everything, except how is it possible 
that the fragments bombard Jupiter in alphabetical order. When a sfudenf was 
asked who was Isaac Newfon, he answered: He was a famous British scientist, 
who verified the theories of relativity of Einstein. A scienfisf was describing a 
fofal eclipse of fhe Sun and how if darkened during fhe day, and anofher one 
asked him: But, why you scientists manage such ugly things happen 7 A group 
of people, charmed by fhe fravels in space, where discussing fhaf fhe lime has 
come lo visil fhe Sun as well. When one member of fhe group noliced lhal 
Ihis is difficull because of fhe high lemperalure of fhe Sun, anofher member of 
fhe group, quite hurriedly and unlormenledly, suggested lhal we go lo Ihe Sun 
during Ihe nighl. 

I really do nol know whelher wilh all Ihese we musl laugh or have tear drops in 
our eyes. I believe lhal a way oul of Ihis difficully is lhal people musl learn lo 
appreciate and evaluate science as social reality. They should know Ihe subjecl 
of science and how scienlisls reach Iheir conclusions. The public accepls Ihe 
useful producls of science, and admires Ihe impressive scienlific discoveries 
and achievemenls, even if Ihey do nol undersland how an airplane flies or why 
seasons occur. Therefore Ihe public underslands very lillle whal science is, and 
mainly how science and technology conlribule lo our life, our ambilions, and 
our nalional largels. For Ihis reason, Ihe ignorance of Ihe public loads wilh 
responsibility much more, perhaps, Ihe scienlisls lhan Ihe public ilself. The 
public loves science. Bui, do scienlisls love Ihe public? I Ihink lhal we have lo 
answer Ihis queslion as a society. The humanity seems lo walk on a Ihin crusl of 
ice. In Ihe beginning of Ihe Iwenly firsl cenlury Ihe academic community faces 
difficullies. The confidence of Ihe public lo Ihe university- level education 
continues lo be shaken, Ihe economic perspective for education is generally 
sad and dim, and, Ihe worse, finally, Ihe cullural level of Ihe public is nol 
improved. The Iwenly firsl cenlury will be a decisive period lhal more or less 
will determine Ihe fulure (happy or unhappy) of all Ihe humanity. A realistic 
hope is based on education. If whal we wanl is a peaceful and comfortable life 
for us and for fulure generations, Ihen Ihe public musl learn lo undersland and 
evaluate Ihe relative mailers correclly. I Ihink lhal Ihere is no much time left 
for Ihis. The presidenl of Ihe United Slates John F. Kennedy used lo say Ihe 
following story: A retired French general asked from his gardener to planl a 
free immediately, and Ihe gardener answered: What’s the hurry? This tree will 
grow very slowly, and for this it will take a hundred years, whence Ihe French 
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general told him: For exactly this reason, do not delay at all. Plant it right 
now. 

In conclusion, the necessity of education in the broader field of science looks 
like this story. We have to act immediately with an increased feeling of re- 
sponsibility and with persistence, in order to impart the love of knowledge, 
informing, and teaching to everybody. If the present lecture indeed contributed 
a little towards the fulfilment of these objectives, this would constitute a real 
satisfaction to the speaker. 
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